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ABSTRACT 
Climate change is warming terrestrial ecosystems across the Earth’s surface. 
Along with increases in mean daily temperatures, heat waves are predicted to 
become more frequent, higher intensity and longer duration across the globe in 
future decades. Under these scenarios, it is vital to understand spatial and 
temporal variations in the thermal responses of metabolic processes across wide 
climatic gradients. Understanding the relative contributions of plasticity and 
evolutionary adaptation in thermal regulation of both photosynthesis and 
respiration in leaves is critical if we are to better predict future carbon fluxes and 
vegetation dynamics. 
This thesis research applied two widely used physiological measurements: 
temperature responses of leaf dark respiration (R-T) and temperature responses of 
dark-adapted minimal fluorescence (Fo-T). For R-T curves, R25 (leaf respiration at 
25°C) and Tmax (i.e. high temperature at which rates of respiration are maximal 
were quantified, with the latter providing an estimate of respiratory heat tolerance 
(RHT). Fo-T curves were used to quantify the temperature (Tcrit) at which Fo rises 
rapidly as leaves are heated; this was used as a measure of photosynthetic heat 
tolerance (PHT). This thesis first investigated the components of thermal 
acclimation (plasticity) and inherent differences (evolutionary adaptation) in 
respiration and photosynthesis by combing field surveys and controlled 
environment studies. The thesis also explored mechanisms underlying variation in 
heat response of PHT. 
The above traits were quantified at six field sites representing five thermally 
contrasting biomes across Australia, and in temperature-controlled glasshouses 
using species sourced from four thermally contrasting origins. For the field study, 
measurements were made in summer and winter. The first major finding was that 
thermal acclimation of R25 was evident in the glasshouse study but not when 
comparing summer and winter values in the field. Second, both Tmax and Tcrit 
showed consistent acclimation both in the field and glasshouse, with both 
parameters increased as growth temperature increased. Tcrit differed inherently 
among species origins, whereas Tmax did not; ca. 40% of the variation in Tcrit could 
Abstract          III 
be explained by variations in fatty acid composition of cellular membranes. These 
results imply both acclimation and inherent differences contribute to the 
contemporary patterns of PHT while only acclimation contributed to the patterns 
of RHT. The third major finding was that the dynamic responses of Tcrit to heat 
stress in a tropical tree species were closely related to dynamic changes in heat 
shock proteins (HSPs) abundance and membrane fatty acid composition, 
indicating HSPs and membranes are playing significant roles in the adjustments 
of PHT.  
Collectively, this thesis enhances our understanding on the ecological patterns of 
plant metabolic temperature responses. It also provides insights into the 
biochemical linkages underlying thermal responses of both respiration and 
photosynthesis. The findings point to more future studies in the plant field in 
linking ecological, physiological, biochemical and molecular perspectives of heat 
tolerance response.
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expected to show inherently different physiological responses to their warm adapted counterparts, 
such as differences in the temperature response of dark respiration, and temperature response of 
minimal fluorescence. These inherent differences may also be further explained by biochemical 
thermal adaptation in membranes and proteins in chloroplast and mitochondria. One of the major 
processes in photosynthesis is the electron transport converting light energy into chemical energy 
into the Calvin Cycle for CO2 carboxylation. It is located on thylakoid membrane with the 
involvement of three main protein complexes: photosystem II (PSII) surrounded by light-
harvesting complex II (LHCII), Cytochrome b6f complexes photosystem I (PSI). Another major 
process in photosynthesis is the Calvin Cycle. There are 11 enzymes involving in Calvin Cycle 
with the most abundant protein in leaves - Ribulose-1, 5-bisphosphate carboxylase/oxygenase 
(Rubisco). For dark respiration, the electron transport chain on the inner mitochondria membrane 
is also one of major processes with the involvement of ATP synthesise, alternative oxidase (AOX) 
and four large protein complexes (I, II, III, IV): Complex I – NADH dehydrogenases, Complex II 
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electron transport, including the alternative oxidase. Another major process is TCA cycle which 
involves eight major enzymes that dominates the carbon metabolizing machinery. Membrane 
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Figure 2.1 Schematic graph on changes of the short-term temperature response curve of leaf dark 
respiration (R-T curve) to growth temperature. Parameters used to describe the shift of R-T curve: 
(1) shift of the elevation – R at a set T, e.g. R25 (R at temperature 25°C represents R under 
biologically-relevant temperatures); (2) shift of the temperature where respiration reaches the 
optimum (Tmax, represents thermal threshold of R); (3) changes of the temperature coefficient, e.g., 
VIII          List of figures 
b and c from the Global Polynomial Model for respiration, or the overall activation energy of 
respiratory processes based on Arrhenius equation (Ea), or the rate of change of respiration rate 
through increasing the temperature by 10°C (Q10) (Kruse et al. 2011, Heskel et al. 2016). Here in 
this study, the temperature coefficients were derived using R-T curve where T was below 45°C. 
Based on previous studies (Atkin & Tjoelker 2003, Slot & Kitajima 2015), R-T curves from plants 
growing in cold and warm temperatures will show thermal acclimation. Under warming scenarios, 
R25 would be down-regulated toward homeostasis and Tmax would increase, indicating the increase 
of respiratory heat tolerance. The temperature coefficients would stay the same, reflecting no 
changes in temperature sensitivity. In this study, R25 are presented on area, mass and N-basis. .... 25 
Figure 2.2 Relationships between R-T curve parameters and mean temperature of 30 days prior to 
the date of measurements (PDM) in the field. Refer to Table 2.4 for units of each parameter. Data 
shown for six sites distributed across the Australian continent: CT_FNQ, Cape Tribulation in 
tropical wet forest Far North Queensland; RC_FNQ, Robson Creek in tropical wet forest Far 
North Queensland; AM_NT, Alice Mulga in the woodland of Northern Territory; GWW_WA, 
Greater Western Woodland in semi-arid woodland, Western Australia; CP_NSW, Cumberland 
Plain in temperate woodland of New South Wales; WAR_TAS, Warra in a cool-temperate wet 
forest in Tasmania. For all sites other than RC_FNQ, measurements were made in the cool and 
warm seasons. Large points show site means (all species combined), with thin coloured lines 
connecting measurements in cool & warm seasons. Small points with different colours showing 
individual genotype mean values at each site/season combination. The thick black line shows a 
significant linear regression between each parameter and the 30-day mean temperature, using 
species mean data (slope, R2 and P values shown). Details of the statistical analysis can be found 
in Table S2.2. .................................................................................................................................. 39 
Figure 2.3 Relationships between R-T curve parameters and annual precipitation (left column) and 
annual mean temperature (right column) of each plant species in glasshouse study. Points show 
species means and different colours represent different growth temperature treatments: 25/20°C 
(day/night) in the glasshouse Stage 1 experiment (Stage1_25); 20/15°C (Stage2_20) and 30/25°C 
(Stage2_30) in the Stage 2 experiment. Linear models found significant relationships between 
annual precipitation and R25a and R25m. Linear models found significant relationships between 
annual mean temperature and R25n. The three models found the slope under three temperature 
treatments did not differ but intercept differed. Lines show linear regressions. Details of linear 
regressions can be found in Table S2.3. ......................................................................................... 43 
Figure 2.4 Response of R-T curve parameters of each plant species to two growth temperature 
treatments in Stage 2 glasshouse study in plants from different origins. Refer to Table 2.4 for units 
of each parameter. Origins are ordered from warm to cool biomes. FNQ represents tropical 
rainforest, WA for Mediterranean woodland, NSW for temperate forest and TAS for temperate 
rainforest. ........................................................................................................................................ 45 
List of figures          IX 
Figure 2.5 Comparison of thermal response index of R-T parameters (R25a, R25m, Tmax) between 
glasshouse and field study. For field data, ‘Thermal response index’ was calculated as the seasonal 
change in each variables using species mean values (refer to Table 2.4 for units of each 
parameter), expressed per 1.0 °C change in the mean temperature of the 30 days prior to the date 
of measurement. For glasshouse data, ‘Thermal response index’ was calculated as the change in R-
T parameters using species mean values expressed per 1.0 °C change in treated temperatures. 
Origins are ordered from warm to cool biomes. FNQ represents tropical rainforests (field data of 
CT_FNQ and RC_FNQ were combined), WA for semi-arid woodland (field data of AM_NT and 
A aneura from NT were not included), NSW for temperate forest and TAS for temperate 
rainforest. ........................................................................................................................................ 46 
 
Figure 3.1 Variations of field measured Tcrit between two seasons (a) and the linear relationship (b) 
between Tcrit and mean maximum temperature (MMT) of 30 days prior to the date of 
measurements (PDM). (a) Data shown for six sites distributed across the Australian continent: 
CT_FNQ, Cape Tribulation in tropical wet forest Far North Queensland; RC_FNQ, Robson Creek 
in tropical wet forest Far North Queensland; AM_NT, Alice Mulga in an arid woodland of 
Northern Territory; GWW_WA, Greater Western Woodland in semi-arid woodland, Western 
Australia; CP_NSW, Cumberland Plain in temperate woodland of New South Wales; WAR_TAS, 
Warra in a cool-temperate wet forest in Tasmania. For all sites other than CT_FNQ, measurements 
were made in the cool and warm seasons. (b) Linear models found the slope and intercept of the 
fitted regression line under two seasons did not differ. Thus, only one regression was used by 
combining data from both seasons. Details of the statistical analysis can be found in Table S3.3. 63 
Figure 3.2 Response of Tcrit of to two growth temperature treatments (20 °C day /15 °C night and 
30 °C day /25 °C night)  in plants from different origins grown in Stage 2 of the glasshouse study. 
Origins are ordered from warm to cool biomes. FNQ represents tropical rainforest, WA for 
Mediterranean woodland, NSW for temperate forest and TAS for temperate rainforest. .............. 65 
Figure 3.3 Relationships between high temperature tolerance of photosynthesis (Tcrit) and annual 
mean maximum temperature (AMMT) of each plant species (i.e. provenance, A. aneura from NT 
is showing in gray colour and was not included in data analysis). Points show species means and 
different colours represent different growth temperature treatments: 25/20°C (day/night) in the 
glasshouse Stage 1 experiment (Stage1_25); 20/15°C (Stage2_20) and 30/25°C (Stage2_30) in the 
Stage 2 experiment. Models found the slope under three temperature treatments did not differ but 
intercept differed. Lines show linear regressions of Tcrit and AMMT for plants grown under three 
common temperatures. Details of linear regressions can be found in Table S3.3. ......................... 65 
Figure 3.4 Relationships between fatty acid composition and annual mean maximum temperature 
(AMMT) of the origin (i.e. provenance) of individual species (A. aneura from NT is showing in 
gray colour and was not included in data analysis) for plants grown in Stage 2 experiments, either 
X          List of figures 
at temperature treatment 20°C day /15°C night (blue, square) or 30°C day /25°C night (red, 
triangle) day time temperature. Panels show the percentage of total fatty acid (FA) composition 
present as (a) C16:0, (b) C18:2. Models found the slope and intercept under two temperature 
treatments did not differ. Thus, only one regression was used by combining data from both 
treatments. The relationship between Tcrit and FA composition (composition of all individual FAs) 
was investigated by performing stepwise regressions (see main text in result section). All 
regressions were performed using species mean data. .................................................................... 68 
Figure 3.5 The responses of fatty acid (FA) composition (%) including total saturated fatty acid 
(SAT) and double bond index (DBI) to two temperature treatments (20 °C day /15 °C night and 
30 °C day /25 °C night) in plants from different origins grown in Stage 2 of the glasshouse study. 
Origins are ordered from warm to cool biomes. FNQ represents tropical rainforest, WA for 
Mediterranean woodland, NSW for temperate forest and TAS for temperate rainforest. .............. 70 
 
Figure 4.1 Schematic diagram of the treatments and time line for the heat treated plant group. All 
plants were first in temperature controlled glasshouse with a day-time temperature of 25 °C and 
night-time of 20 °C (25/20 °C) for more than three months. Heat treatment was conducted by 
moving plants to another adjacent temperature-controlled glasshouse with a day-time temperature 
of 40 °C and a night-time of 35 °C (40/35 °C). After five days’ stress treatment, plants were 
moved back to the previous glasshouse for recovery. For the two days with multiple hourly time 
points, the sampling time was between 8:00 am to 6:00 pm, while other samplings were done in 
the morning at 9:00 am. 16 sampling time points for this group of plants (see methods for 
details). ........................................................................................................................................... 82 
Figure 4.2 Changes in leaf temperature (Tleaf, a) and photosynthetic efficiency (Fv/Fm , b) of one 
group of plants (n = 3) (solid line) always kept in 25 / 20 °C glasshouse (“25” in legend ) and 
another group of plants (n = 4) (dashed line) first in the 25 / 20 °C glasshouse then moved to 40 / 
35 °C glasshouse (“40 after 25” in legend) for 5 days and then back to previous glasshouse (“25 
after 40” in legend) for 13 days. ..................................................................................................... 89 
Figure 4.3 Changes in leaf heat tolerance (Tcrit) of one group of plants (n = 3) (solid line) always 
kept in 25 / 20 °C glasshouse (‘25’ in legend ) and another group of plants (n = 4) (dashed line) 
first in the 25 / 20 °C glasshouse then moved to 40 / 35 °C glasshouse (‘40 after 25’ in legend) for 
5 days and then back to previous glasshouse (‘25 after 40’ in legend) for 13 days. ....................... 89 
Figure 4.4 Changes in abundance of HSP90 (a), HSP70 (b), CI HSP17.6 (c) and CII HSP17.7 (d) 
of one group of plants (n = 3) (solid line) always kept in 25 / 20 °C glasshouse (‘25’ in legend ) 
and another group of plants (n = 4) (dashed line) first in the 25 / 20 °C glasshouse then moved to 
40 / 35 °C glasshouse (‘40 after 25’ in legend) for 5 days and then back to previous glasshouse 
(‘25 after 40’ in legend) for 13 days. All values are expressed as band intensity relative to the 
positive control. .............................................................................................................................. 93 
List of figures          XI 
Figure 4.5 Changes in FA composition – percentage of C16:0(a), C16:1 (b), C16:3 (c), C18:0 (d), 
C18:1 (e), C18:2 (f), C18:3 (g) and double bond index (DBI, h) of one group of plants (n = 3) 
(solid line) always kept in 25 / 20 °C glasshouse (‘25’ in legend ) and another group of plants (n = 
4) (dashed line) first in the 25 / 20 °C glasshouse then moved to 40 / 35 °C glasshouse (‘40 after 
25’ in legend) for 5 days and then back to previous glasshouse (‘25 after 40’ in legend) for 13 
days. Note: DBI is not showing in percentage (%). ........................................................................ 94 
Figure 4.6 Bivariate relationships between Tcrit and abundance of HSP90 (a), HSP70 (b), CI 
HSP17.6 (c) and CII HSP17.7 (d) with R2 and P value of linear regression shown. All values of 
HSPs abundance were expressed as band intensity relative to the positive control........................ 95 
 
Figure 5.1 Diagrams show the patterns of plasticity (thermal acclimation) and inherent differences 
of Tmax (a) and Tcrit (b) found in this thesis. In each panel, slope of the arrows represents the 
acclimation direction and elevation represents the inherent differences. In this thesis, both Tmax and 
Tcrit of species from all biomes were found to show consistent thermal acclimation in the field and 
controlled environment, showing as positive slopes. Inherent differences were only found for Tcrit, 
being higher (higher elevation) in warmer adapted biomes such as tropical rainforests than cool 
adapted biomes such as temperate rainforests (b). No inherent differences for Tmax was found, thus 
same elevation of arrows (a). ........................................................................................................ 104 
Figure 5.2 Plant species adapted to different thermal biomes may show adaptation of membrane 
physiological properties, protein structure and heat shock responses such as the induction of HSPs. 
Ecological patterns of physiological response to temperature changes such as photosynthetic and 
respiratory heat tolerance may be further explained by biochemical adaptation of membrane 
properties and protein structures. They may also exhibit variations in the responses to heat stress 
such as the speed or level of HSPs induction. All of these variations may result in the adaptation 
of physiological responses to both changes of normal temperature and extreme temperatures. 
These ecological patterns on biochemical and physiological levels could also be explained from 
genetic level. The evolution of these traits might come from both genetic and epigenetic 
variations. The former exhibited the changes of DNA sequences while the latter is heritable 
changes of gene expression without change of DNA sequences. This thesis has shown the 
evolutionary adaptation of PHT may be related with the adaptation of physical properties of 
cellular membranes. This thesis also showed that in a tropical tree species, the fast acclimation to 
heat stress was closely related with HSPs induction. Despite this, more works are needed in the 
plant community level to further explore the role of HSPs in the adaptation of plant heat tolerance 
from an ecological perspective. This may be achieved by combining both field and controlled 
environment study across wide range of biomes. Here the survey not only include physiological 
survey, but more effort in the researches on HSPs. ...................................................................... 107 
 
XII          List of figures 
Figure S2.1 Map of field studied sites (in red dots) and plant origins of glasshouse study (in blue 
colour)........................................................................................................................................... 115 
Figure S2.2 Example of two temperature response curves of leaf dark respiration (R-T curves) of 
Litsea leefeana leaves sampled from 20 °C day /15 °C night (black colour) and 30 °C day /25 °C 
night (red colour) temperature treatments in glasshouses. Respiration rate was recorded every 30 s 
while leaf sample was heated by 1°C per minute. ........................................................................ 116 
Figure S2.3 Data distribution of R-T parameters (R25a, R25m, and R25n, b and c, LMA, Tmax) and leaf 
traits (LMA, Nm, Pm) in field and glasshouse study. ..................................................................... 117 
 
Figure S3.1 Example of two Fo-T curves of Polyscias elegans leaves sampled from 20/15 °C 
(black colour) and 30/25 °C (red colour) temperature treatments in glasshouses. Tcrit was 
calculated as the intercept of two linear regression lines representing the rapid rise of Fo. ......... 123 
Figure S3.2 Distributions of Tcrit data for both field and glasshouse study. Dataset ‘Field’ 
represents all data from individual trees in the field; ‘Field sp’ represents data of species in the 
field which were studied in the glasshouse; ‘GH Stage1’ and ‘GH Stage2’ represents data for 
Stage 1 and Stage 2 experiment in glasshouse study, separately. ................................................. 123 
 
Figure S4.1 Western blot test on four HSP antibodies showing in each panel (A. HSP90, B. 
HSP70, C. CI HSP17.6, D. CII HSP17.7) in Arabidopsis thaliana (A. thaliana) and Polyscias 
elegans (P. elegans). All HSPs were raised against A. thaliana.  For each panel or blot, first lane is 
leaf samples from wild-type  A. thaliana (Col-0) in 21 °C growth condition and second lane is 
samples from A. thaliana having been moved from 21 °C growth condition to 40 °C for 4h. Third 
lane is leaf samples from P. elegans in 24 °C growth condition and fourth lane is from P. elegans 
having been moved from 25 °C growth condition to 40 °C for 6h. The protein loading in each well 
for HSP70 and HSP90 was 5ug and 15ug for CI HSP17.6 and CII HSP17.7.  Black arrows on left 
side of each panel are showing the protein molecular weight marker in kD unit. Red arrows on 
right side of each panel show the targeted band of each HSPs in P. elegans for analysis. ........... 127 
Figure S4.2 Changes of dark adapted minimal fluorescence (Fo, a) and maximal fluorescence (Fm, 
b) of one group of plants (n = 3) (solid line) always kept in 25 / 20 °C glasshouse (‘25’ in legend ) 
and another group of plants (n = 4) (dashed line) first in the 25 / 20 °C glasshouse then moved to 
40 / 35 °C glasshouse (‘40 after 25’ in legend) for 5 days and then back to previous glasshouse 
(‘25 after 40’ in legend) for 13 days. ............................................................................................ 128 
Figure S4.3 Images showing different degree of visual damages by heating between whole leaves 
of both adaxial and abaxial surfaces from 40°C treated (HT) and non-treated control (25 °C, CT) 
plants. Two leaves on the top (CT non-heated) were detached from one tree kept in 25 / 20 °C 
List of figures          XIII 
glasshouse for more than six months and kept in dark for ca. 1h. Two leaves in the middle (HT 
heated) were detached from one tree first kept in 25 / 20 °C glasshouse for more than six months 
then moved to 40 / 35 °C glasshouse for 2h at a sunny day in the morning. Two leaves in the 
bottom (CT heated) were detached from the same tree of CT non-heated leaves. All leaves were 
detached at the same time and kept in dark afterwards. The ‘HT heated’ and ‘CT heated’ were 
kept in dark for ca. 20min then went through the same measurement as the leaves in ‘Materials 
and method’ section; after they were heated to 57 °C all four leaves were taken out and scanned 
under a scanner. Before the heat treatment, leaves from both trees shared similar Tcrit and similar 
degree of damage after heated to 57 °C. All leaves were the most recent fully expanded and were 
from newly developed branches different from the ones in the formal experiment. .................... 129 
Figure S4.4 Bivariate relationships between two cytosolic small heat shock proteins (CI HSP17.6 
and CI HSP17.7) and C16 fatty acid (C16:0, C16:1, C16:3) compositions with R2 and P value of 
linear regression shown. ............................................................................................................... 130 
XIV          List of tables 
List of tables 
Table 2.1 List of the field sites surveyed in this study (including study in Chapter 3), including 
location, biome, vegetation types and climate data are annual long-term averages of interpolated 
data obtained from the Ecosystem Modelling and Scaling Infrastructure Facility (eMAST; 
www.emast.org.au). Moisture index is shown as the ratio of precipitation to potential 
evapotranspiration. Additional details for each site may be found on the Australian Supersite 
Network website (www.supersites.net.au). .................................................................................... 27 
Table 2.2 Seasonal climatic description for each field campaign. All climatic variables were 
calculated using mean data from the 30 days prior to the date of measurement. In most cases the 
climate data have been obtained from flux towers located at each site (www.ozflux.org.au). In two 
cases (RC_FNQ dry season and WAR_TAS summer season) were used interpolated data was 
obtained from ANUCLIM (www.emast.org.au/ourinfrastructure/observations/anuclimate_data/) 
and radiation data were obtained from the nearest weather station operated by the Australian 
Bureau of Meteorology (www.bom.gov.au). .................................................................................. 28 
Table 2.3 Climatic description of each species provenances studied in glasshouse experiment. ... 32 
Table 2.4 Linear mixed model ANOVA results of R-T parameters and leaf traits (LMA, Nm and 
Pm) or six sites where measurements were made in both seasons in the field. ............................... 39 
Table 2.5 Impact of growth temperature (20: 20/15 °C, day / night temperatures; 30: 30/25 °C) on 
R-T parameters and leaf traits (LMA, Nm and Pm) of plants sourced from four regions across 
Australia. Also shown are two-way ANOVA results of the glasshouse Stage 2 experiment. Note: 
Stage 1 statistical results are in Table S2.2. .................................................................................... 42 
Table 2.6 ANOVA results for comparison of ‘Thermal response index’ of R-T parameters of plant 
species among different sites in the field and among different origins in glasshouse study. 
‘Thermal response index’ for field study was calculated as the seasonal change in each variables 
using species mean values, expressed per 1.0 °C change in the mean temperature of the 30 days 
prior to the date of measurement. ‘Thermal response index’ for glasshouse study was calculated as 
the change in R-T variables using species mean values, expressed per 1.0°C change in treated 
temperatures. .................................................................................................................................. 47 
 
Table 3.1 Seasonal variations of Tcrit and linear mixed model ANOVA results for five sites where 
measurements were made in both seasons in the field study (note: Tcrit of CT site was only 
quantified in one season). For the two tropical rainforest sites, seasons are distinguished more by 
variations in rainfall than temperature. Thus, wet and dry seasons are used, with the wet season 
List of tables          XV 
being slightly warmer than the dry season. ‘Acclimation degree’ was calculated as the seasonal 
change in Tcrit using species mean values, expressed per 1.0 °C change in the mean maximum 
temperature (MMT) of the 30 days prior to the date of measurement. Values shown are the 
site/season mean (standard error, number of observations), with means of each site/season 
combination calculated using species mean values. ....................................................................... 62 
Table 3.2 Two-way ANOVA for impact of growth temperature (20: 20/15 °C; 30: 30/25 °C) and 
species origin on high temperature tolerance of photosynthesis (Tcrit), and fatty acid composition: 
C16:0, C16:1, C18:0, C18:1, C18:2, C18:3, Total saturated FA (SAT) and Double bond index 
(DBI) - expressed as a percentage of total FA content of plants sourced from four regions across 
Australia. ........................................................................................................................................ 66 
 
Table 4.1 Differences in leaf temperature (Tleaf), photosynthetic efficiency (Fv/Fm), leaf Tcrit), four 
HSPs (HSP90, HSP70, CI HSP17.6, CII HSP17.7) and composition of the main FAs (C16:0, 
C16:1, C16:3, C18:0, C18:1, C18:2, C18:3, Double bond index - DBI) among treatments: 1) 
control 1, CT plants during the period when HT plants were moved to HT glasshouse, including 
the 0h time point; 2) control 2, CT plants during the period when HT plants were returned to CT 
glasshouse from HT glasshouse; 3) 40 °C after 25 °C, HT plants in HT glasshouse including the 0h 
time point; and 4) 25 °C after 40 °C, HT plants returned to CT glasshouse from HT glasshouse. 
Post hoc comparisons based on Tukey's 95% confidence intervals were used. Pairwise significant 
differences are denoted by unshared letters. Values are showing mean (standard error, number of 
observations). Values of all HSPs are expressed as abundance relative to a consistent positive 
control. ............................................................................................................................................ 88 
Table 4.2 Significance comparison between HT and CT group plants for photosynthetic efficiency 
(Fv/Fm), Tcrit, four HSPs (HSP90, HSP70, CI HSP17.6, CII HSP17.7) and main FA composition 
(C16:0, C16:1, C16:3, C18:0, C18:1, C18:2, C18:3, Double bond index - DBI) based on the 
calculation of 95% confidence interval. ‘*’ indicates significant differences between the 
performance of the two groups of plants at each sampling time points. ......................................... 91 
 
Table S2.1 Linear-mixed model ANOVA results for each site surveyed in the warm and cool 
season as part of the field work component of the study. For each site, the ANOVAs were used to 
test for differences among species and seasons in each R-T parameters. ..................................... 118 
Table S2.2 R-T parameters of species from four contrasting environments (origins) grown in a 
common environment (25/20 °C, day/night) as part of the glasshouse study Stage 1 experiment. 
Values are the overall average of species-means for each origin (standard error, number of 
observations). Also shown are the results of a one-way ANOVA. ............................................... 120 
XVI          List of tables 
Table S2.3 Linear regression analysis for R-T data relationships with environmental factors. For 
field data, GT represents mean temperature of 30 days prior to the date of measurements. For 
glasshouse data, PPT represents long-term mean annual precipitation of species origins and MAT 
represents long-term mean annual temperature of species origins. .............................................. 121 
 
Table S3.1 Linear-mixed model ANOVA results for each site surveyed in the warm and cool 
season as part of the field work component of the study. For each site, the ANOVAs were used to 
test for differences among species and seasons in high temperature tolerance of photosynthesis 
(Tcrit).  Note: for the CT_FNQ site in Queensland, measurements were made in one season only in 
that case, a one-way ANOVA was used. ...................................................................................... 124 
Table S3.2 High temperature tolerance of photosynthesis (Tcrit) values of species from four 
contrasting environments (origins) grown in a common environment (25/20 °C, day/night) as part 
of the glasshouse study Stage 1 experiment. Values are the overall average of species-means for 
each origin (standard error, number of observations).  Also shown are the results of a one-way 
ANOVA. ....................................................................................................................................... 124 
Table S3.3 Linear regression analysis of relationships between Tcrit and mean maximum 
temperatures of 30 days prior to date of measurement (30dPDM) in the field, between Tcrit and 
annual mean maximum temperatures (AMMT) of plant species origins...................................... 125 
 
Table S4.1 Linear-mixed model ANOVA results for photosynthetic heat tolerance, HSPs 
abundance level and FA composition under different treatments (1) control 1, CT plants during the 
period when HT plants were moved to HT glasshouse, including the 0h time point, 2) control 2, 
CT plants during the period when HT plants were returned to CT glasshouse from HT glasshouse, 
3) 40 °C after 25 °C, HT plants in HT glasshouse including the 0h time point, and 4) 25 °C after 
40 °C, HT plants returned to CT glasshouse from HT glasshouse.), and among different sampling 
time points. ................................................................................................................................... 131 
Table S4.2 Correlation matrix  of leaf  temperature (Tleaf)photosynthetic efficiency (Fv/Fm), leaf 
heat tolerance (Tcrit), four HSPs (HSP90, HSP70, CI HSP17.6, CII HSP17.7) and main FA 
composition (C16:0, C16:1, C16:3, C18:0, C18:1, C18:2, C18:3, Double bond index - DBI). ... 132 
 
  
List of tables          XVII 
  
Chapter 1          1 
CHAPTER 1 
Thesis overview  
2          Chapter 1 
 
1.1 Climate change, global carbon cycle and vegetation dynamics 
Global surface temperatures have increased ~0.8 °C for the past century and are 
predicted to rise 1.1-6.4°C by the year 2100 (Hansen et al. 2006; IPCC 2013). 
Along with a range of changes associated with global climate change, heat waves 
are occurring with higher frequency, intensity and longer durations worldwide 
(Meehl & Tebaldi 2004; Hansen et al. 2012; IPCC 2012); this trend is predicted 
to continue (Cowan et al. 2014). Heat waves are usually defined as a period of 
three consecutive days where conditions are unusually hotter than normal 
(Perkins & Alexander 2013). Heat wave events have been occurring worldwide in 
many countries such as Australia (Lewis & King 2015), North and South America 
(Peterson et al. 2013), Europe (Barriopedro et al. 2011) and China (Sun et al. 
2014), resulting in extensive losses to agricultural production and tree mortality 
(Mittler 2006; Teskey et al. 2015). 
As the major primary producer in terrestrial ecosystem, plants are likely to be 
severely affected by climate warming and increased severity of heat waves. Here, 
the temperature responses of two metabolic processes – photosynthetic CO2 
assimilation (A) and respiratory CO2 release (R) will be critical for future 
functioning of terrestrial ecosystems. Both processes are major components of the 
global carbon cycle, with global photosynthesis taking up 100-120 Gt year-1 and 
plant respiration releasing and 40-60 Gt C year-1. Importantly, the two metabolic 
processes are recognised as being thermally sensitive (Berry & Björkman 1980; 
Atkin & Tjoelker 2003). For many environments, short-term warming increases 
carbon uptake rate through A (below the temperature optimum for A) but also 
accelerates carbon efflux from R. R and A are often closely coupled, with R:A 
ratios often remaining stable across a range of moderate environments, but 
increasing when plants were subject to heat stress (Smith & Dukes 2013). Thus, it 
is likely net primary productivity will be significantly affected by both moderate 
warming and heat waves. Heat damage of photosynthetic and respiratory 
metabolism also has the potential to alter species distributions and vegetation 
dynamics (Teskey et al. 2015). Underpinning such outcomes is the likelihood that 
heat stress could: (a) significantly reduce CO2 fixation by A; (b) markedly 
accelerate respiratory CO2 release; and (c) at lethal temperatures, result in a 
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complete loss of energy supply to maintain normal biological processes. Thus, 
both climate warming and associated heat waves are likely to have significant 
impacts on carbon dynamics of terrestrial ecosystems through the effects on the 
two major metabolic processes – A and R – in plants. 
1.2 Temperature effects on photosynthesis and respiration 
Temperature affects almost every aspect of an organism’s physiology (Lambers et 
al. 1998; Hochachka & Somero 2002; Taiz & Zeiger 2002). In plants, the effects 
of temperature on A and R are largely regulated by the effects of temperature on 
enzyme activity, protein stability and flexibility, and membrane fluidity. Over 
short time periods (e.g. seconds to minutes), R increases near exponentially with 
increasing temperature, often doubling in rate for each 10 °C rise in temperature. 
Net photosynthesis (Anet) is also temperature sensitive, with the effect of 
temperature on Anet reflecting the temperature responses of the underlying CO2 
exchange processes. Processes taking place in the electron transport chain (ETC) 
and organic compounds conversion cycles (Calvin cycle for A and TCA cycle for 
R) of mitochondria and chloroplasts are temperature sensitive (Taiz & Zeiger 
2002; Raines 2003; Millar et al. 2011). Temperature affects activity of ETC 
mainly from the effects on membrane fluidity and stability of protein complexes 
because both ETC of A and R are located within membranes where many protein 
complexes are embedded. Temperature affects the Calvin cycle and TCA cycle 
mostly via effects on the maximum catalytic activity (Vmax) and substrate 
affinities (Km) of enzymes. 
Under normal (non-stressful) temperatures (usually < 35 °C for most plants), the 
effects of temperature on A and R are mainly driven by rates of enzymatic 
reactions and the flexibility of proteins (Atkin & Tjoelker 2003; Yamori et al. 
2014). Under moderate heat stress (generally 35-40°C for most plant species), the 
active state of Rubisco declines with increasing heat stress, attributed to a decline 
in the activity of Rubisco’s regulatory partner protein, Rubisco activase 
(Allakhverdiev et al. 2008; Takahashi & Badger 2011). A commonly used 
temperature for heat stress treatment is 40°C for a wide species of plants 
(Allakhverdiev et al. 2008). Above 40°C, irreversible damage to PSII often 
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occurs, reflecting the fact that PSII is one of the most thermally sensitive 
compartments in photosynthesis (Schreiber & Berry 1977; Hüve et al. 2011). 
Heat stress results in unfolding of protein complexes and loss of manganese from 
the oxygen-evolving complex of PSII (Schreiber & Berry 1977; Enami et al. 
1994). As leaf temperatures increase further, rates of R often exhibiting a ‘burst’ 
(increase in higher rate) after PSII begins to be severely damaged (Hüve et al. 
2011).  
1.3 Short-term temperature response of leaf energy metabolism 
Measurements of the short-term temperature response of leaf energy metabolism 
provide insights into: the rates of CO2 exchange at a defined temperatures, the 
temperature sensitivity of individual processes, and thermal thresholds of specific 
processes. There are three types of short-term temperature responses of leaf 
metabolism which are widely applied in ecophysiological studies: temperature 
response of Anet (Anet-T) (Slayter 1977; Berry & Björkman 1980; Yamori et al. 
2014), temperature response of leaf dark respiration (R-T) (Atkin & Tjoelker 
2003; O'Sullivan et al. 2013), and temperature response of chlorophyll 
fluorescence (Fo-T or Fv/Fm-T, Fig. 1.1) (Schreiber et al. 1975; Schreiber & Berry 
1977). Here Fo represents minimal fluorescence and Fm is the maximum 
fluorescence in dark, and Fv is the difference between Fm and Fo. Fv/Fm is a 
parameter widely used for indication of photosynthetic efficiency or capacity.  
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Figure 1.1 Diagram shows three widely-used short-term temperature responses of leaf metabolism: 
leaf dark respiration in red (R-T), minimal fluorescence (Fo-T) in blue and net photosynthesis (Anet-
T) in dark green. This thesis will focus on insights obtained using R-T and Fo-T curves. 
The study of a series of temperature effects on A trace back to the early 1900s 
(Matthaei 1905). Since then, it has been known that photosynthesis is inhibited at 
both high and low temperatures (Berry & Björkman 1980; Yamori et al. 2014). 
Anet at a certain temperature is the combination of Vc (rate of carboxylation by 
rubisco), Vo (rate of photorespiration by rubisco) and R at that temperature: Anet = 
Vc – 0.5Vo – R. Anet-T curves can provide information about the temperature at 
which leaves exhibit maximum rates of net CO2 assimilation rate (Topt). Topt is 
highly regulated by the growth temperature experienced by plants (Yamori et al. 
2014), often occurring in the 20-35 °C range. 
Studies of temperature effects on R have also occurred for over a century 
(Matthaei 1905). In addition to giving insights into rates of R at set temperatures, 
R-T curves enable the temperature coefficients of R to be quantified, often in 
terms of the Q10 (the fold in increase of R when T increases by 10 °C), Ea 
(activation energy based on Arrhenius equation) and/or temperature coefficients 
of polynomial equations fitted to log R vs T plots (Gillooly et al. 2001; Kruse et 
al. 2011; Heskel et al. 2016). Further, the temperature at which R reaches its 
maximum rate (Tmax) indicates the high-temperature threshold beyond which there 
is an onset of loss of respiratory functionality, and cell death due to degradation of 
proteins and total loss of membrane integrity (O'Sullivan et al. 2013; O'Sullivan 
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et al. 2017). A recent survey covering 7 biomes and 231 species on R-T (T ranged 
from 10 to 45 °C) found convergence in the temperature sensitivity of leaf 
respiration (Heskel et al. 2016) that there is a uniform shape of respiration-
temperature response curve, suggesting there are universally applicable controls 
on the temperature response of leaf energy metabolism.  
In the photosynthetic apparatus, PSII has been noted as one of the most thermally 
labile parts, with chlorophyll fluorescence often being used as an indicator of PSII 
functionality (Krause & Weis 1984). Heat damage of PSII leads to remarkable 
changes in fluorescence characteristics, such as sharp decreases in Fv/ Fm or 
sudden increases in Fo. Temperature responses of Fo-T are a rapid and reliable 
way to quantify photosynthetic heat tolerance or thermal limits in leaves 
(Schreiber & Berry 1977), replacing the long-used necrosis method (Sachs 1864; 
Lange 1965; Bilger et al. 1984). The temperature at which the ‘rapid rise of Fo 
occurs (Tcrit) could indicate the onset of tissue damage such as membrane lysis 
and unfolding of protein complexes within thylakoid membranes (Hüve et al. 
2011). Further, Tcrit has been used to compare photosynthetic heat tolerance (PHT) 
among different species or in species from different habitats. In such studies, Tcrit 
was found to be generally 40-50 °C in a recent global survey (O'Sullivan et al. 
2017).  
This thesis focuses on insights obtained from the application of R-T and Fo-T 
curves in a wide range of environmental settings. It aims to describe broader 
ecological patterns in temperature responses of leaf energy metabolism by 
applying the two types of temperature response curves. Secondly, this thesis 
combines ecophysiological and biochemical studies to gain insights into the 
underlying factors responsible for the plasticity in heat tolerance of energy 
metabolism. 
1.4 Ecological concepts of thermal plasticity of leaf energy 
metabolism 
It is known that temperature is a major determinant of both terrestrial and aquatic 
habitat suitability (Hochachka & Somero 2002). Biomes have been classified 
based on general patterns of dominant vegetation types in a certain area, or in 
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terms of their thermal niche. These general patterns might come from 
evolutionary adaptation and/or phenotypic plasticity of physiological and 
biochemical levels of modifications (Fig. 1.2). Discovering the components of 
thermal plasticity and evolutionary adaptation of leaf metabolic functions could 
advance our understanding of the determinants of ecosystem vegetation function 
both in the short-term (minutes-hours) and long-term (days-months-years).  
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Figure 1.2 Diagram showing the ecological, physiological and biochemical linkages of thermal 
acclimation and evolutionary adaptation of thermal responses of photosynthesis (chloroplasts) and 
respiration (mitochondria). In an ecological context, plant species adapted to cold biomes might be 
expected to show inherently different physiological responses to their warm adapted counterparts, 
such as differences in the temperature response of dark respiration, and temperature response of 
minimal fluorescence. These inherent differences may also be further explained by biochemical 
thermal adaptation in membranes and proteins in chloroplast and mitochondria. One of the major 
processes in photosynthesis is the electron transport converting light energy into chemical energy 
into the Calvin Cycle for CO2 carboxylation. It is located on thylakoid membrane with the 
involvement of three main protein complexes: photosystem II (PSII) surrounded by light-harvesting 
complex II (LHCII), Cytochrome b6f complexes photosystem I (PSI). Another major process in 
photosynthesis is the Calvin Cycle. There are 11 enzymes involving in Calvin Cycle with the most 
abundant protein in leaves - Ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco). For dark 
respiration, the electron transport chain on the inner mitochondria membrane is also one of major 
processes with the involvement of ATP synthesise, alternative oxidase (AOX) and four large protein 
complexes (I, II, III, IV): Complex I – NADH dehydrogenases, Complex II - succinate 
dehydrogenase, Complex III - UQ-cytochrome c oxidoreductase and Complex IV - cytochrome c 
oxidase. Plant mitochondrial also contain several non-phosphorylating pathways of electron 
transport, including the alternative oxidase. Another major process is TCA cycle which involves 
eight major enzymes that dominates the carbon metabolizing machinery. Membrane fluidity can 
affect the functions of these protein complexes and the electron transport rate. The flexibility and 
stability of these proteins or enzymes per se could also impact the final physiological responses. 
Adaptation of membranes and proteins can also be reflected at whole cell level. 
The ecological significance of Anet-T has been studied extensively, often in the 
context of evidence for acclimation and adaptation of photosynthetic temperature 
responses (Berry & Björkman 1980). Here, acclimation is characterised by 
changes in the elevation and/or shape of Anet-T curves that occur when individual 
plants experience different growth temperatures; adaptation is about the changes 
in the shape of Anet-T curves underpinned by alterations in genetic composition in 
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response to evolutionary processes. These insights provided subsequent studies 
with conceptual framework on which to build (Cunningham & Read 2003; 
Gunderson et al. 2010; Yamori et al. 2014; Sendall et al. 2015). Acclimation of 
Anet-T is commonly seen in shifts in Topt, with acclimation of Topt being a general 
phenomenon among plants irrespective of their origin (Yamori et al. 2014). By 
contrast, evidence of adaptation of Anet-T is less frequent (Gunderson et al. 2010; 
Sendall et al. 2015), with plants from warmer habitats or biomes often exhibiting 
similar Topt of Anet to plants from cooler habitats. However, doubt remains whether 
similar Topt values are really an indication of similar thermal tolerances of 
photosynthesis, as Anet-T is the combination of gross photosynthesis and 
respiration. Hence, it may be that species from thermally contrasting habitats do 
exhibit contrasting thermal tolerances in key components of leaf energy 
metabolism, such as the high temperature tolerance of PSII and respiration. 
Therefore, separating the two processes can better establish the fundamental 
responses, one in chloroplasts (Fo-T) and another in mitochondria (R-T). 
In an ecological context, thermal acclimation of leaf respiration has received 
increasing attention. Acclimation results in leaf R being down-regulated in 
response to sustained warming of temperature regimes over periods of days to 
months (Atkin & Tjoelker 2003). Over the last half century, the ecological 
significance of R-T has focused on thermal acclimation of R under climate 
warming scenarios (Zha et al. 2002; Slot et al. 2014; Reich et al. 2016). This 
reflects the fact that thermal acclimation of R could significantly reduce CO2 
efflux in warmer climates, and result in respiratory homeostasis among plants 
grown in thermally contrasting environments (Atkin et al. 2005). Thus, if thermal 
acclimation of leaf R is a general phenomenon, accounting for it would have 
important impacts on carbon flux rate modelling as predicted by Earth System 
Models (ESMs). While our understanding of acclimation has grown in recent 
years (Slot & Kitajima 2015; Reich et al. 2016), there remains a lack of field-
based data assessing the ability of individual plants to adjust to seasonal changes 
in growth temperature.  
Thermal acclimation of respiration is usually assessed by comparing rates of 
respiration at set temperatures, or via comparison of short-term R-T curves within 
the plants’ biologically relevant temperature range. General patterns of thermal 
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acclimation of respiration were recently assessed in a meta-analysis by Slot & 
Kitajima (2015), with a majority of the cited studies having been conducted under 
controlled environment conditions. In many of the cited studies, including several 
recent studies (Way et al. 2015; Aspinwall et al. 2016; Drake et al. 2016; Reich et 
al. 2016; Araki et al. 2017), warm-grown plants exhibited lower rates of 
respiration at set measuring temperatures, compared to their cold-acclimated 
counterparts. For example, a recent five-year study by Reich et al. (2016) reported 
consistent thermal acclimation in seedlings of 10 boreal and temperate tree 
species both to in-situ warming and to changes in growth temperature during 
short growing season in Minnesota, USA. Collectively, such studies point to 
thermal acclimation of R as being a general phenomenon, and that it may be 
possible to model temporal adjustments in R using results from studies comparing 
warm- and cold-grown plants; such models could then be used in ESMs to predict 
impacts of seasonal and inter-annual changes in growth temperature (Smith & 
Dukes 2013; Smith et al. 2015). However, closer inspection of the published 
literature used in the analysis of Slot & Kitajima (2015) plus more recent studies 
shows that of 47 studies working on thermal acclimation of respiration, only 14 
were field-based, with only 11 including analysis of seasonal variations in the 
growth environment (Araki et al., 2017, Atkin et al., 2000, Bruhn et al., 2007, 
Dillaway & Kruger, 2011, Ow et al., 2010, Reich et al., 2016, Searle et al., 2011, 
Searle & Turnbull, 2011, Strain, 1969, Tjoelker et al., 2008, Way et al., 2015); 
most were also based on studies using seedlings or saplings of a limited number 
of species, with little attention given to seasonal changes in leaf R in mature, 
field-grown plants. In addition, no studies have assessed whether there are 
seasonal variations in leaf R in a number of key biomes across Australia, 
including inland semi-arid woodlands or tropical rainforests, with most work so 
far having been conducted using boreal and temperate biome species. Thus, our 
understanding of thermal acclimation of respiration appears to be largely based on 
laboratory and artificial manipulated field settings using immature plants from a 
limited number of biomes. Because of this, there is uncertainty about whether the 
available studies provide sufficient insights on general patterns of thermal 
acclimation of leaf R focusing on mature trees, seasonality in natural fields across 
globally important biomes.  
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Another area related to acclimation is how sustained changes in growth 
temperature affect the temperature optimum of leaf R (Tmax). Considerable 
research has occurred in recent decades on the temperature response of respiration 
in animals and phytoplankton, revealing global patterns in Tmax values of non-
plant systems with Tmax being greater in hot environments than their cool 
environment counterparts (Dahlhoff et al. 1991; Dahlhoff & Somero 1993). In 
such systems, Tmax also appears to vary with growth temperature, increasing when 
individual organisms are exposed to higher temperatures. For plants, a recent 
survey across seven biomes and 18 field sites distributed worldwide recently 
reported Tmax values collected at a single time point (O'Sullivan et al. 2017), 
showing that Tmax values are higher in the tropics than in the arctic. The same 
study provided some evidence of seasonal acclimation for a few species in two 
biomes (O'Sullivan et al. 2017). However, in an earlier study, Eucalyptus 
pauciflora did not show any change in Tmax between summer and winter 
(O'Sullivan et al. 2013). Only one study to date investigated growth temperature 
effects on Tmax under controlled environment conditions, with a + 3 °C warming 
treatment not increasing Tmax in Eucalyptus globulus. Thus, doubt remains 
whether Tmax can acclimate to temperatures both in the field and controlled 
environments. In order to answer this question, studies are needed on a broader 
range of biomes using a wider range of species, both in natural field and 
controlled environments.  
A number of other unknowns remain concerning evolutionary adaptations in 
respiration. Firstly, are there inherent differences in rates of R measured at a 
reference T (e.g. R at 25 °C, R25) among plants adapted to environmentally 
contrasting biomes? Global synthesis on R25 from the pole to equator found 
higher R25a and R25m in species at colder or drier sites (Atkin et al. 2015); 
however, whether such patterns were a reflection of adaptive differences or 
simply an acclimation response has not been rigorously tested. Past studies have 
reported differences in rates of leaf R among plant functional types and among 
individual species in plants grown together under common environmental 
conditions (Xiang et al. 2013; Crous et al. 2017); moreover, there is some 
evidence that slow growing species exhibit unusually high rates of leaf R for their 
growth rate when species are growing in a common environment (Poorter et al. 
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1991). However, it remains unclear whether terrestrial plant species adapted to the 
wide range of contrasting biomes differ inherently in rates of leaf R. Interestingly. 
In phytoplankton, the temperature response of respiration was investigated to look 
at thermal adaptation and metabolic evolution (Yvon-Durocher et al. 2012; 
Padfield et al. 2016). These analyses point to selection for lower rates of R at a 
given T in genotypes adapted to higher growth temperatures, suggesting that 
thermal adaptation may indeed be associated with changes in respiratory rates. 
Thus, there remains potential for terrestrial plant species adapted to contrasting 
conditions to exhibit inherently different respiration rates. 
As is the case for R25 in terrestrial plants, it is also unknown whether Tmax differs 
inherently among species originated from climatically contrasting biomes. While 
no studies have yet addressed this topic, a recent study surveying values across 
seven biomes from the arctic to tropics found higher Tmax in species from warmer 
biomes; further work is now needed to determine whether such patterns are 
underpinned by inherent differences in Tmax values among species. Investigation 
of R-T responses in large numbers of species within and among biomes, both in 
the natural field and controlled environment settings, could advance 
understanding of R-T responses in plants facing ongoing global warming and 
increase of heat waves. 
In recent decades, some efforts have been made to investigate the ecological 
significance of heat tolerance of photosynthesis (PHT) (Downton et al. 1984; 
Seemann et al. 1986; Ghouil et al. 2003; Knight & Ackerly 2003; Krause et al. 
2010; Zhang et al. 2012; Curtis et al. 2014; Curtis et al. 2016; O'Sullivan et al. 
2017). Such studies have characterised PHT using data obtained from Fo-T and 
Fv/Fm -T curves. Key insights from these studies include: wide inter-specific 
variation in PHT among co-existing species at individual sites (Seemann et al. 
1984; Curtis et al. 2016; O'Sullivan et al. 2017); PHT is greater at near the equator 
than at high latitudes (O'Sullivan et al. 2017); and, spatial patterns in growth 
temperature can be used to predict site-mean values of PHT (Knight & Ackerly 
2003; O'Sullivan et al. 2017). One study combined field and glasshouse 
investigations (Downton et al. (1984)); that study reported seasonal variation 
(spring and summer) in Tcrit – one of the commonly used indicators of PHT for 13 
perennial desert species growing at a single field site, in the USA (Death Valley, 
Chapter 1          13 
California,) and acclimation of Tcrit values of 10 monocot and dicot cool-climate 
plants species growing at two temperatures in controlled-environments 
glasshouse. Similar thermal acclimation responses were found in the seasonal-
field and controlled-environment comparisons, with higher Tcrit values being 
exhibited under warmer growth conditions (Downton et al. 1984). Ghouil et al. 
(2003) worked on a single species subjected to a range of growth temperatures 
(10 to 40 °C) in growth cabinet exhibited acclimation of PHT, with Tcrit increasing 
~ 0.3 °C per degree increase in growth temperature. More recently, O’Sullivan et 
al. (2017) reported seasonal variations in Tcrit at two sites in Australia (three 
species at each site) consistent with thermal acclimation patterns. However, 
whether such seasonal patterns hold for a wider range of species and sites is not 
known. To advance understanding of spatial and temporal variations of PHT, 
additional information on more species and biomes is needed in a broader context 
by combining both field and controlled environment studies. 
Whether there are inherent differences among species in PHT is also uncertain. A 
few studies have tried to address this question but the results are conflicting. 
Knight and Ackerly (2003) compared four pairs of congeneric species from hot 
desert and cooler coastal regions of northern California, both in the field and in 
glasshouse settings. When grown under common conditions, no differences were 
found between the desert and coastal species, suggesting that adaptation to 
warmer environments is not linked to systematic increases in Tcrit. However, the 
differences in mean growth temperature between the two sites were relatively 
modest (10 °C in summer, 4 °C in winter), leaving the possibility that Tcrit values 
might differ inherently among species adapted to a wider range of habitats that 
differ in growth temperature, water availability and seasonality. A common 
garden study on Australian desert plants by Curtis et al. (2016) found that species 
adapted to higher water availability experienced thermal damage at lower leaf 
temperatures than their arid counterparts. In addition, Cunningham and Read 
(2003) found evidence of inherent differences in comparing Anet -T in a 
comparison of Australian tropical and temperate rainforest species (Hill et al. 
1988; Cunningham & Read 2003). In that study, Anet of four temperate and four 
tropical rainforest tree species were grown at several different temperatures; their 
results showed higher acclimation potential of Anet in temperate species from 
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seasonally variable environments. While these results suggest that there may be 
inherent differences in Tcrit (and Anet) among species adapted to contrasting 
environments, both in terms of intrinsic values and acclimation potential, further 
studies are needed before firm conclusions can be made.  
1.5 Ecological, physiological and biochemical linkages 
Enormous efforts have been made to understand the ecological context of 
physiological parameters over the last several decades. Despite this, many 
unknowns remain, particularly with respect to the biochemical linkages 
underlying ecological and physiological patterns. For example, the biochemical 
factors responsible for variations in high temperature tolerance of photosynthesis 
in ecologically relevant species remain uncertain. Here, factors such as the 
temperature response of membranes and proteins are crucial, with small changes 
in temperature having the potential to markedly alter the function and stability of 
both membranes and proteins. More broadly, the effects of temperature on 
physiological responses are likely to be underpinned by biochemical responses at 
a sub-cellular level (Fig. 1.2).  
In the field, different biomes would experience different degrees (intensity, 
frequency and duration) of heat waves or in some areas no heat waves at all, 
imposing plants to various types of heat stress. Thus plants may have adapted 
differently to various heat stress conditions among biomes. This issue has been 
reviewed in animals, with heat stress responses being found to be common, 
including the induction of heat shock proteins (HSPs) being an adaptation to 
where organisms originate (Coleman et al. 1995; Feder & Hofmann 1999; 
Sørensen et al. 2003). Plants have the ability to acquire thermal tolerance through 
a range of metabolic processes in response to heat stress (Sung et al. 2003). This 
ability is essential for plants to maintain normal biological processes and a higher 
survival rate. Plants acquire thermal tolerance through processes such as 
accumulation of osmotic solutes, antioxidants, stress proteins, adjustments of lipid 
compositions. Among these processes, the induction of heat shock proteins 
(HSPs) and adjustment of membrane fatty acid (FA) composition are two of the 
most common and important processes (Vierling 1991; Sung et al. 2003; Horvath 
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et al. 2012).  
Heat shock proteins are widely studied in a wide range of organisms (animals, 
human, plants etc.) and are induced by environmentally challenging conditions 
such as heat stress (Vierling 1991; Sørensen et al. 2003; Tomanek 2010). HSPs 
work as molecular chaperones to assist protein refolding under stress conditions. 
Transcriptional and post-transcriptional changes in HSPs have been studied 
extensively in model and crop species, such as Arabidopsis, tobacco, pea and 
maize (see reviews by (Kimpel & Key 1985a; Barua & Heckathorn 2004; Wang 
et al. 2004; Mittler et al. 2012)). However, less is known about mechanisms 
underpinning acquisition of heat tolerance in non-model plants; this includes 
forest trees which represent a major component of terrestrial vegetation. These 
mechanisms could further our understanding the biological functioning of plant 
heat tolerance across ecosystems. For example, in a review of published literature, 
I could only find 10 studies assessing mechanisms of heat tolerance in non-model 
plant systems (Downs et al. 1998; Heckathorn et al. 1998; Hamilton & 
Heckathorn 2001; Barua et al. 2003; Barua & Heckathorn 2006; Barua et al. 
2008; Korotaeva et al. 2011).  
Expression of HSPs has been shown to be critical to tolerance of high 
temperatures. Arabidopsis plants deficient in expression of HSPs exhibited lower 
seedling survival rate or less hypocotyl elongation after heat stress (Hong & 
Vierling 2000; Queitsch et al. 2000; Yamada et al. 2007; Su & Li 2008). 
Induction of HSPs is often rapid (within hours of heat stress) and transient, with 
the magnitude of induction increasing with increasing leaf temperature. For 
example, HSPs can be induced by 10 minutes of heat stress followed by 2 hours 
of normal temperature (Lin et al. 1984). In growth chamber experiments, HSP21, 
HSP18.1 and HSP17.9 were induced within a few hours of heat treatment in pea 
leaves; upon return to lower temperature treatments, the half-life of these HSPs 
was approximately two days (Chen et al. 1990; DeRocher et al. 1991). Under 
field conditions, a study on Pinus sylvestris needles showed high abundance of 
some HSPs in warm months (Korotaeva et al. 2011); similarly, field-grown cotton 
and soybeans exhibited increases of HSPs or HSP mRNAs when canopy or air 
temperatures exceeded 40°C (Burke et al. 1985; Kimpel & Key 1985b). These 
studies indicate the induction of HSPs at the transcriptional level (mRNA) is near 
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immediate, whereas it takes longer periods (hours) for the proteins to accumulate 
and provide a protective role. What is less clear, however, is whether HSPs can be 
rapidly induced in forest trees exposed to heat stress, and whether acquisition of 
heat tolerance occurs in synchrony with HSPs accumulation.  
Being a natural physical protection barrier for cells and also the location of many 
important proteins, membranes need to remain stable to optimise the benefits for 
production or survival. The stability of membranes is critical for both 
photosynthesis and respiration, as many important protein complexes are located 
in the thylakoid membranes of chloroplasts and inner mitochondrial membrane 
(Fig. 1.2). Temperature can significantly affect fluidity state of membranes, with 
consequences for photosynthetic and respiratory functions. Being too rigid or too 
fluid could result in total loss of membrane functions. Because of this, membranes 
tend to adjust the fatty acid (FA) composition over time scales of days to weeks 
and months when challenged with sustained changes in temperature (Los & 
Murata 2004). 
Acclimation to warming usually results in higher FA saturation levels. In model 
or crop plants (i.e. Arabidopsis, tobacco, soybean etc.), mutants deficient in FA 
unsaturation (or plants where expression of specific highly unsaturated FAs was 
reduced) resulted in higher thermal tolerance (Hugly et al. 1989; Murakami et al. 
2000; Alfonso et al. 2001). In creeping bentgrass, exposure to heat stress resulted 
in an increase in saturated fatty acids such as C16:0 and decrease of highly 
unsaturated FA C18:3 (Larkindale & Huang 2004). Thus, FAs appear to play 
important roles in long-term regulating thermal responses of plants.  
While relatively few studies have investigated variations in FA composition along 
environmental gradients in natural ecosystems, comparisons of plant species from 
desert and coastal areas (Knight & Ackerly 2002; Knight & Ackerly 2003) 
revealed higher proportions of saturated FAs in plants grown under higher growth 
temperatures. Warm-adapted desert species also show intrinsically higher lipid 
phase transition temperatures than cool-adapted ones (Pike & Berry 1980); 
similarly, warm-acclimated plants exhibit higher levels of saturated FAs than their 
cool-acclimated counterparts (Pearcy 1978; Larkindale & Huang 2004). Changes 
in FA composition such as these are likely to have important implications for 
chloroplast membrane stability and thermal stability of photosynthesis (Berry & 
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Björkman 1980). While there is growing evidence of the importance of membrane 
FAs for temperature responses in model and crop plant systems (Kodama et al. 
1994; Murakami et al. 2000; Alfonso et al. 2001; Falcone et al. 2004; Horvath et 
al. 2012), no studies have, to my knowledge, attempted to link variations in PHT 
with lipid physical properties for plants from extensive contrasting biomes in 
nature. Importantly, little is known about whether these highly regulated 
adjustments of FA composition are linked to changes in HSPs and acquired heat 
tolerance when plants are challenged with high temperature stress. This represents 
a key gap in understanding the dynamic tuning roles of HSPs and lipid physical 
properties, not only in laboratory conditions, but more importantly, in nature. Of 
particular concern is the absence of studies assessing adjustment of HSPs, 
membrane physical properties and heat tolerance in forest trees. 
1.6 Aims and thesis outline 
The overall objective of this thesis is to characterise short- and long-term 
temperature responses of leaf respiration and photosynthesis (focussing on PSII 
functionality) in a broad range of species, and to gain insights into the 
biochemical mechanisms underlying heat stress responses. This thesis presents 
work on Australian native plants from five climatically contrasting biomes, 
tropical rainforests, tropical savanna, temperate forests, Mediterranean woodland 
and cool-temperate rainforest. This thesis aims to: 
(1) quantify and interpret ecological patterns of both plasticity and evolutionary 
components of both photosynthetic and respiratory temperature responses 
(Chapter 2 and 3); 
(2) establish connections between ecological and biochemical connections by 
applying advanced physiological measurements – high resolution short-term 
temperature response of chlorophyll fluorescence (Chapter 3); 
(3) build linkages between physiological responses (indicating plant heat 
tolerance) and biochemical adjustments of membrane lipid physical properties 
and changes of HSPs abundance (Chapter 4). 
Chapter 2 focuses on acclimation and evolutionary adaptation (inherent 
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differences) of R-T curves (~10-~70 °C at 0.5 °C resolution) in plants from five 
climatic contrasting biomes, combing both field and controlled environment 
studies. In this thesis, the inherent differences include differences caused by both 
genetic and heritable epigenetic factors in the evolutionary pathways. Differences 
in acclimation capacity also reflect inherent differences. Chapter 3 investigates 
acclimation and inherent differences of Fo-T curves (Tcrit, same resolution as R-T) 
in plants from five climatically contrasting biomes, combining both field and 
controlled environment studies. Lipid FA composition was also profiled in the 
controlled environment study to assess biochemical links with variations of Tcrit. 
Chapter 4 assesses the relationships between leaf heat tolerance (indicated as Tcrit) 
and adjustments of lipid composition and HSPs abundance in response to heat 
stress and post-heat stress. Chapter 5 gives summarization of key findings of the 
three research chapters and some directions for future researches.
Chapter 2          19 
CHAPTER 2 
Thermal acclimation of respiration in plants from 
contrasting biomes: divergent patterns under field 
and controlled environment conditions  
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2.1 Abstract 
In recent years, increasing attention has been on documenting temperature 
responses of leaf respiratory metabolism, including the effect of very high 
temperatures beyond the maximal rate. This reflects the fact that even minor 
changes in the shape of the respiration-temperature (R-T) response curve can 
significantly alter estimates of ecosystem carbon release. Given this, it is vital that 
the effects of sustained changes in the environment on R-T curves be elucidated. 
Here in this chapter, I present totally 860 short-term R-T (10 – 70 °C range) 
curves for: (a) 62 species measured in two seasons (winter & summer) across six 
field sites representing five thermally contrasting biomes across Australia; and (b) 
20 species (subset of field species) grown under three temperature regimes (20, 25 
and 30 C) in controlled environments. All species exhibited consistent 
acclimation of leaf respiration in the glasshouse study, with R at a common 
measuring temperature of 25 C (R25) being lower in 30 C grown than 20 C 
grown plants. A different pattern was observed in the field, with seasonal patterns 
in R25 not being consistent with the glasshouse results. Overall, the temperature 
coefficient of leaf respiration to short-term changes in temperature was invariant 
across seasons and the three glasshouse treatments. There was, however, 
consistency in the effect of growth temperature on the temperature at which 
maximal rates of R (Tmax) occurred, with Tmax being highest in plants experiencing 
high growth temperatures both in the field and glasshouse. Species from arid 
areas exhibited inherently higher rates of area- and mass-based R25 than their 
mesic counterparts; by contrast, there was no evidence of Tmax values being 
inherently different among climatic origins of species. Collectively, the results 
indicate that: 1) while species from all biomes are capable of thermally 
acclimating R25 under controlled environment conditions, caution is needed when 
accounting for thermal acclimation in seasonally variable environments; 2) Tmax is 
highly temperature dependent irrespective of field or glasshouse conditions. 
2.2 Introduction 
In recent decades, increasing efforts have been made to document metabolic 
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responses to temperature in a wide range of organisms (Dahlhoff et al. 1991; 
Dahlhoff & Somero 1993; Weinstein & Somero 1998; Padfield et al. 2016; 
Schaum et al. 2017). Of particular interest has been the response of leaf 
respiration in darkness (R) to a wide range of temperatures, with high resolution 
temperature response curves increasingly being used to assess the effects of short-
term exposure to chilling, moderate and hot temperatures (O'Sullivan et al. 2013; 
Padfield et al. 2016; O'Sullivan et al. 2017). Such curves can be used to 
understand patterns of respiratory carbon release, and in doing so, enable 
ecosystem models to better predict impacts of current and future thermal regimes 
(Arora et al. 2013; Dufresne et al. 2013). By measuring respiratory responses to 
very high, lethal temperatures, they also provide insights into the thermal limits of 
energy metabolism (O'Sullivan et al. 2013; O'Sullivan et al. 2017).  
The short-term (minutes to hours) response of R to temperature (T) is largely 
regulated by enzyme thermal kinetics (e.g. T response of the Vmax and Km of 
individual respiratory enzymes), substrate availability and cellular energy demand 
(i.e. turnover of ATP to ADP) (Atkin & Tjoelker 2003). As temperature increases, 
control of respiratory rates shift from limitations in the maximum catalytic 
activity of respiratory enzymes (at chilling temperatures) to control shared with 
limitations in substrate supply and/or ATP turnover at moderate to high 
temperatures (Atkin & Tjoelker 2003). As lethally high temperatures are 
approached, enzyme capacity once again becomes a limiting factor as proteins are 
denatured by heat and membranes become too fluid. Thus, the factors regulating 
leaf R change as leaves are heated, with respiration becoming less temperature 
sensitive as leaves warm (O'Sullivan et al. 2013). A recent global survey (Heskel 
et al. 2016) of R-T curves over the normal ecological range of temperatures (e.g. 
5-45 C) sampled at single time point at each of the 18 field sites revealed that the 
rise in leaf R with temperature can be generalized across biomes and plant 
functional types by single temperature coefficient parameters (b and c) in a three-
parameter polynomial function fitted to natural-log R vs temperature (below 45 
C) curves: 𝑙𝑛𝑅 = 𝑎 + 𝑏𝑇 + 𝑐𝑇2. In such curves, the a parameter indicates lnR at 
0 °C, with variations in a determining the reference value offset of the response 
curve, b is the slope of lnR vs. T plot at 0 °C, and c is parameter which represents 
quadratic nonlinearity in the lnR vs T slope with increasing measuring T, with b 
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and c representing the temperature sensitivity. What is not clear, however, is 
whether sustained changes in growth environment, including seasonal variations 
in climate affect the overall shape of R-T curves, both in terms of rates of leaf R at 
a given measuring temperature and temperature coefficient of leaf R as T rises.  
When assessing how seasonal changes in climate might affect respiratory rates, 
consideration needs to be given to the extent to which respiration acclimates to 
sustained changes in growth temperature. Underpinning the acclimation response 
are cell-specific changes in mitochondrial abundance, ultrastructure, protein 
composition and membrane properties (Atkin & Tjoelker 2003). Acclimation can 
change the elevation (i.e. R at a set T) of short-term temperature response curves, 
with growth under warm conditions leading to a downward adjustment in 
respiration rates (i.e. lower rates of leaf R measured at a common temperature) 
compared to plants grown in the cold (Atkin & Tjoelker 2003; Slot & Kitajima 
2015). By reducing rates of respiration in warm-grown plants, acclimation is 
likely to dampen the effects of sustained high temperatures on respiratory CO2 
release (Smith & Dukes 2013; Smith et al. 2015). As a result, acclimation could 
reduce the positive feedback between climate warming and CO2 efflux from 
terrestrial plants. Importantly, the degree of thermal acclimation can be influenced 
by other factors, such as soil moisture availability, with downward adjustment in 
leaf R at a given measuring temperature being greater in warm-acclimated plants 
that are drought treated than their warmed, well-watered counterparts (Gauthier et 
al. 2014). 
To date, a majority of studies quantifying thermal acclimation have compared 
cool and warm developed plants that were either grown under controlled 
environment conditions, or field conditions that included manipulation of growth 
temperature. In a recent review of 43 studies of mostly controlled environment 
warm and cool-grown plants (103 species), Slot and Kitajima (2015) found that 
leaf R is more often than not downregulated in warm-grown plants. Such findings 
raise the possibility that acclimation is widespread in the plant kingdom, and that 
the observed patterns could be used to model the response of leaf respiration to 
long term changes in growth temperature (e.g. due to seasonal changes in growth 
temperature and/or future global warming). With this in mind, a number of 
studies have attempted to account for the effect of acclimation on ecosystem and 
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global respiratory CO2 release, based on the assumption that the lower rates of 
leaf R exhibited by warm-grown plants can be used as an indication of how plants 
will acclimate to intra- and inter-annual changes in temperature under field 
conditions (Smith & Dukes 2013; Smith et al. 2015). In such cases, an 
assumption is made that adjustments of respiration to sustained changes in growth 
temperature can be used to predict responses to seasonal changes in growth 
temperature. Support for this assumption comes from a recent five-year study by 
Reich et al. (2016), where they reported changes consistent with thermal 
acclimation of 10 boreal and temperate tree species saplings to both in situ 
warming and seasonal changes in growth temperature over the spring to late 
summer period in Minnesota, USA. Similar findings were reported by Atkin et al. 
(2000) for saplings of an evergreen broad leaved tree growing at a field site in 
S.E. Australia, where seasonal shifts in temperature response curves were 
quantified over a 12 month period. If such patterns are widespread in nature, it 
raises the possibility that acclimation could be incorporated into natural 
ecosystem models. Yet, field measurements of leaf R over multiple seasons are 
rare. Moreover, most field-based studies have been limited to single sites or single 
species (Atkin et al. 2000; Bruhn et al. 2007; Tjoelker et al. 2008; Dillaway & 
Kruger 2011; Way et al. 2015; Araki et al. 2017), limiting our understanding of 
acclimation in contrasting biomes. This is particularly the case for broad-leaved 
evergreen ecosystems, where seasonal data on mature trees is largely lacking. In 
such ecosystems, leaves not only experience seasons marked by changes in 
growth temperature, but also water availability and daily irradiance. As both 
factors can influence respiratory rates (Atkin et al. 1998; Gauthier et al. 2014), 
the possibility remains that responses to growth temperature obtained from 
comparisons of warm and cold grown plants might not predict responses to 
multiple changes in the environment that occur seasonally. 
As leaves are warmed beyond 45 C, respiration rates increase further, rising with 
temperature until rates are maximal, followed by a rapid decline as respiratory 
proteins denature; the high temperature at which rates are maximal is termed 
‘Tmax’. Tmax values provide information on heat tolerance of mitochondrial 
respiration (O'Sullivan et al. 2013), with past studies showing that in animals, 
mitochondria can tolerate extremely high temperatures (> 50 °C) before losing 
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function (Dahlhoff et al. 1991; Chretien et al. 2017). Tmax values are typically in 
the 50-60°C range, being highest in hot environments (O'Sullivan et al. 2017). 
Global surveys have shown that Tmax increases linearly with decreasing latitude, 
being ~8°C higher in equatorial tropical forests than in the high latitude, arctic 
tundra. There is also some evidence that Tmax acclimates to sustained increases in 
seasonal temperature (O'Sullivan et al. 2017) and that factors such as drought can 
influence Tmax (Gauthier et al. 2014). Whether this seasonal pattern is maintained 
across a wider range of biomes is, however, not known. The extent to which Tmax 
acclimates to changes in growth temperature has also not been tested in a wide 
range of species from contrasting biomes. 
In a recent global survey of leaf respiration, area- and mass-based rates at 25 °C 
(R25) were found to be lower in plants growing at hot sites (compared to cooler 
sites) (Heskel et al. 2016). Thus, the emerging pattern is one of R25 and Tmax 
decreasing and increasing, respectively, with increasing growth temperature. 
While such patterns could reflect plastic changes in respiratory metabolism in 
response to climate gradients, it is also possible that species from contrasting 
habitats differ inherently in R25 and Tmax values. While there is some evidence that 
species from thermally contrasting sites may exhibit inherent differences in R25 
(Atkin et al. 2015), the availability of relevant data remains limited. However, to 
my knowledge, no study has addressed the question of whether Tmax values differ 
systematically among terrestrial plants adapted to contrasting habitats.   
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Figure 2.1 Schematic graph on changes of the short-term temperature response curve of leaf dark 
respiration (R-T curve) to growth temperature. Parameters used to describe the shift of R-T curve: 
(1) shift of the elevation – R at a set T, e.g. R25 (R at temperature 25°C represents R under 
biologically-relevant temperatures); (2) shift of the temperature where respiration reaches the 
optimum (Tmax, represents thermal threshold of R); (3) changes of the temperature coefficient, e.g., 
b and c from the Global Polynomial Model for respiration, or the overall activation energy of 
respiratory processes based on Arrhenius equation (Ea), or the rate of change of respiration rate 
through increasing the temperature by 10°C (Q10) (Kruse et al. 2011, Heskel et al. 2016). Here in 
this study, the temperature coefficients were derived using R-T curve where T was below 45°C. 
Based on previous studies (Atkin & Tjoelker 2003, Slot & Kitajima 2015), R-T curves from plants 
growing in cold and warm temperatures will show thermal acclimation. Under warming scenarios, 
R25 would be down-regulated toward homeostasis and Tmax would increase, indicating the increase 
of respiratory heat tolerance. The temperature coefficients would stay the same, reflecting no 
changes in temperature sensitivity. In this study, R25 are presented on area, mass and N-basis. 
In this study, I quantified leaf R-T curves (~10 – 70 °C in ~0.5 °C intervals) in a 
wide range of plant species adapted to thermally contrasting biomes across the 
Australian continent, including semi-arid woodlands, temperate woodlands, 
temperate wet forests, and tropical rainforests. This study combined glasshouse 
and seasonal field studies. By measuring R-T curves at several field sites in two 
climatically-distinct seasons, and by growing subset species under temperature-
controlled glasshouse conditions, this study was designed to assess whether R-T 
curves of cold and warm grown plants differ, as shown in Fig. 2.1. I tested the 
following hypotheses:  
H1: Irrespective of whether plants are grown in a glasshouse or in the field, R25 
will be lower in warm acclimated plants compared to cold acclimated 
counterparts. In the field, this will result in lower rates of R25 in summer 
compared to winter. 
H2: Growth temperature will have no effect on the temperature sensitivity of leaf 
R, with the b and c coefficients of leaf R being similar in warm and cold 
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acclimated plants, both in the glasshouse and when comparing summer and winter 
values in the field. 
H3: The high temperature at which maximal rates of leaf R occur (Tmax) will be 
higher in plants acclimated to hot conditions than their cool acclimated 
counterparts, both in the glasshouse and field. 
H4: R25 and Tmax will be inherently lower and higher, respectively, in plants 
adapted to hot sites compared to the cold-adapted counterparts. This hypothesis 
will be tested via comparison of R25 and Tmax values of 25 species representative 
of hot and cold habitats, using plants grown under controlled environment 
conditions. 
2.3 Materials and methods 
2.3.1 Field site description and species sampling 
Six sites from thermally contrasting biomes across Australia were chosen. The 
sites are widely distributed geographically: two tropical rainforest sites, Cape 
Tribulation and Robson Creek, are located in Far North Queensland (FNQ) 
(CT_FNQ and RC_FNQ); tropical savannah, Alice Mulga, in the Northern 
Territory (AM_NT); Mediterranean woodland, Great Western Woodland, in 
Western Australia (GWW_WA); temperate forest, Cumberland Plain in New 
South Wales (CP_NSW); and, temperate rainforest, Warra, in Tasmania 
(WAR_TAS). All sites belong to the Australian SuperSite Network (more 
information refer to (Karan et al. 2016)). Mean annual temperatures (MAT) range 
from 9.8 to 24.3 °C; annual precipitation ranges from 291 mm to 3671 mm (Table 
2.1).
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Table 2.1 List of the field sites surveyed in this study (including study in Chapter 3), including location, biome, vegetation types and climate data are annual long-
term averages of interpolated data obtained from the Ecosystem Modelling and Scaling Infrastructure Facility (eMAST; www.emast.org.au). Moisture index is 
shown as the ratio of precipitation to potential evapotranspiration. Additional details for each site may be found on the Australian Supersite Network website 
(www.supersites.net.au). 
Site Latitude 
Longitud
e 
Biome Vegetation 
Mean 
annual 
Temp.* (°C) 
Annual 
PPT* 
(mm) 
Moisture 
index 
Cape Tribulation, Far North 
Queensland (CT_FNQ) 
16°60' S 145°27' E Tropical rainforest Closed forest 24.3 3671 3.36 
Robson Creek, Far North 
Queensland (RC_FNQ) 
17°7' S 145°38' E Tropical rainforest Closed forest 20.4 1813 1.65 
Alice Mulga, Northern Territory 
(AM_NT) 
22°17' S 133°15' E Tropical savanna Low, open woodland 22.5 357 0.22 
Great Western Woodlands, 
Western Australian (GWW_WA) 
30°16' S 120°42' E 
Mediterranean 
woodland 
Semi-arid woodland 18.9 291 0.31 
Cumberland Plain, New South 
Wales (CP_NSW) 
33°37' S 150°44' E Temperate forest Semi-humid woodland 17.7 788 0.83 
Warra, Tasmania (WAR_TAS) 43°5' S 146°39' E Temperate rainforest Tall, wet forest 9.8 1591 4.41 
Note ‘*’: Temp.: Temperature; PPT: Precipitation.  
28          Chapter 2 
 
Table 2.2 Seasonal climatic description for each field campaign. All climatic variables were calculated using mean data from the 30 days prior to the date of 
measurement. In most cases the climate data have been obtained from flux towers located at each site (www.ozflux.org.au). In two cases (RC_FNQ dry season 
and WAR_TAS summer season) were used interpolated data was obtained from ANUCLIM (www.emast.org.au/ourinfrastructure/observations/anuclimate_data/) 
and radiation data were obtained from the nearest weather station operated by the Australian Bureau of Meteorology (www.bom.gov.au). 
      
Mean 
temperature 
Mean max 
temperature 
Max 
temperature 
recorded 
Precipitation Radiation VPD  Sws  
Site Season Month/Year  °C  °C  °C  mm  W m-2 kPa  fraction  
Cape Tribulation, Far North 
Queensland (CT_FNQ) 
Dry Sep 2010 24.4 27.5 29.7 209.6 85.5 0.62 - 
 Wet Mar 2014 25.0 27.2 31.1 1,287.2 90.9 0.63 0.385 
Robertson Creek, Far North 
Queensland (RC_FNQ) 
Dry Aug 2012 17.2 21.6 26.1 46.0 64.0 0.34 - 
 Wet Apr 2014 21.8 26.2 28.0 238.3 129.5 0.38 0.325 
Alice Mulga, Northern Territory 
(AM_NT) 
Summer* Feb 2013 30.2 37.2 42.2 10.2 166.9 3.47 0.034 
 Winter Aug 2014 15.5 22.0 25.9 0.0 92.9 1.29 0.059 
Great Western Woodland, 
Western Australia (GWW_WA) 
Summer Apr 2013 23.5 30.0 37.2 26.4 116.2 1.89 0.209 
 Winter Aug 2013 14.7 20.1 29.0 27.2 83.1 0.83 0.117 
Cumberland Plain, New South 
Wales (CP_NSW) 
Summer Jan 2014 23.8 30.7 39.5 13.2 180.4 1.15 0.054 
 Winter Jul 2014 12.3 18.5 21.5 7.0 52.6 0.62 0.052 
Warra, Tasmania (WAR_TAS) Summer Mar 2012 15.9 21.6 36.5 72.9 106.2 0.52 - 
 Winter Jun 2013 6.6 9.8 14.5 57.6 6.4 0.21 0.178 
 Note ‘*’: Seasons in AM_NT site - biome as ‘Tropical savanna’ in Table 2.1, was defined by summer and winter  because the seasonality in temperature is 
very distinct and this study focuses on temperature; ‘**’: Note: VPD: vapor pressure deficit; Sws: soil water fraction of top layer. 
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Two seasonally separated campaigns were conducted at each site (Refer to Table 
2.2 for climate data). The timing of campaigns was designed to maximise 
environmental differences at each site. For each campaign, measurements for Fo-
T and R-T  were conducted over one to two week period. Species considered the 
most abundant were chosen, with four or five replicate trees (one leaf per tree) of 
about 10 species typically sampled at each site; in total, 62 species were sampled. 
Sampling was made on the same trees for more than 80% of individuals in both 
seasons in GWW_WA and CP_NSW. For others, identical trees could not be 
precisely located in both seasons; nevertheless, trees sampled in the two seasons 
were in close proximity to each other, sharing similar microclimates. Upper 
canopy, sun-lit branches were excised and the stems immediately re-cut under 
water and stored in cool, moist dark conditions until measurements, which 
occurred within six hours of sampling. For all sites, branch sampling was done 
from mature plants either predominately in the morning or early afternoon. 
2.3.2 Controlled environment study 
Following completion of field campaigns outlined above, seedlings of 25 species 
(Table 2.3) were studied in glasshouses during 2015 at the Australian National 
University, Canberra, Australia. All species had been included in the earlier field 
studies and were obtained as seedlings from local nurseries near each field site 
(refer to Table 2.3 for provenances and climate details); the only exception were 
six species for which I was unable to obtain seedlings from local nurseries in 
those cases, plants were raised in glasshouse using seeds purchased from a 
commercial supplier and were cultivated four months prior to obtaining seedlings 
of remaining study species. The selected species represent four different climatic 
origins: Tropical rainforests - FNQ, with seedlings purchased from Nuruga Native 
Plant Nursery, Walkamin, Qld; Temperate forest - NSW, with seedlings from 
Downes Wholesale Nursery, Stanhope Road, Theresa Park, NSW; Temperate 
rainforest - TAS, seedlings from Habitat Plants, Jones Rd, Liffey, Tasmania; 
Mediterranean woodland - WA, with seeds from Nindethana Australian Seeds, 
Albany, WA. Provenances of all species were close to the field sites. I expected 
there would be no differences, and NT was not included in data analysis (Table 
2.3) considering this study does not look at effects within species (i.e. genotypic 
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variations). (Table 2.3). When first purchased, seedlings were 30–50 cm in height 
similar to the seedlings cultivated from seeds. They were then re-potted into 18 x 
18 x 25 cm free-draining pots containing organic potting mix, enriched with 
Osmocote® OSEX34 EXACT standard slow-release fertiliser (Scotts Australia, 
Bella Vista, NSW) and 30% river sand. Plants were watered daily to field 
capacity.  
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Table 2.3 Climatic description of each species provenances studied in glasshouse experiment. 
Species Provenance 
Mean annual 
Temperature 
 (°C) 
Annual mean 
max. 
Temperature.  
(°C) 
Mean max. 
Temperature 
warmest 
quarter  
(°C) 
Temperature 
seasonality 
Mean annual 
precipitation  
 (mm) 
 
Tropical rainforest (FNQ)       
 
    Argyrodendron peralatum Malanda, FNQ 22.2 26.9 31.3 0.93 976  
    Castanospermum australe Davies Creek, FNQ 23.8 28.1 31.3 0.84 1894  
    Doryphora aromatica Yuruga nursery, FNQ 22.2 26.9 31.3 0.93 976  
    Flindersia bourjotiana Cape Tribulation, FNQ 24.8 27.0 31.2 0.74 3025  
    Litsea leefeana Cape Tribulation, FNQ 24.8 27.0 31.2 0.74 3025  
    Polyscias elegans Mt Mollow, FNQ 22.7 26.3 30.8 0.87 1279  
    Syzygium sayeri Tolga, FNQ 20.8 25.3 29.8 0.95 1212  
Mediterranean woodland (WA)       
 
    Acacia aneura (NT) Tennant Creek, NT 25.9 31.8 38.1 1.59 416  
    Acacia aneura (WA) Kalgoorlie, WA 18.9 24.9 34.5 1.8 270  
    Acacia burkittii Leonora, WA 20.8 27.3 37.1 2.02 251  
    Acacia hemiteles Kalgoorlie, WA 18.9 24.9 34.5 1.8 270  
    Atriplex nummularia Laverton, WA 20.2 26.7 36.3 1.98 255  
    Eucalyptus salmonophloia Bencubbin WA 18.7 24.7 35.1 1.88 301  
    Eucalyptus salubris Kalgoorlie, WA 18.9 24.9 34.5 1.8 270  
Temperate forest (NSW)      
 
    Acacia parramattensis Cumberland tableland, NSW 17.7 23.3 29.8 1.51 853  
    Eucalyptus fibrosa Cumberland tableland, NSW 17.7 23.3 29.8 1.51 853  
    Eucalyptus moluccana Cumberland tableland, NSW 17.7 23.3 29.8 1.51 853  
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    Eucalyptus tereticornis Cumberland tableland, NSW 17.7 23.3 29.8 1.51 853  
    Hakea sericea Cumberland tableland, NSW 17.7 23.3 29.8 1.51 853  
    Melaleuca decora Cumberland tableland, NSW 17.7 23.3 29.8 1.51 853  
Temperate rainforest (TAS)       
 
    Acacia melanoxylon Liffey, Tasmania 10.3 15.4 23.0 1.31 984  
    Eucalyptus obliqua Liffey, Tasmania 10.3 15.4 23.0 1.31 984  
    Eucryphia lucida Strathgordon, Tasmania 10.0 14.0 19.8 1.03 2564  
    Melaleuca squarrosa Birralee, Tasmania 8.7 12.2 18.8 1.09 1720  
    Nothofagus cunninghamii Liffey, Tasmania 10.3 15.4 23.0 1.31 984  
    Pomaderris apetala Liffey, Tasmania 10.3 15.4 23.0 1.31 984  
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The controlled environment study consisted of two stages in glasshouses with 
temperature controlled following the natural light regime. In Stage 1, all plants 
were grown under a single temperature treatment (25/20 °C day/night) for two 
months to assess whether there were inherent differences in the shape of R-T 
curves of the 25 selected species. In Stage 2, plants initially grown in Stage 1 
were separated into two groups to assess the capacity of individual species to 
thermally acclimate to lower and higher growth temperatures by exposing plants 
to two growth temperature treatments (20/15 °C and 30/25 °C day/night). 
Statistical analyses were conducted separately for the two experimental stages. 
In Stage 1, seedlings were arranged using a split-block design in three 
glasshouses. A total of 260 plants (25 species (+1 A. anuera from NT) × 5 
replicates × 2 adjacent individual plants) were located in five replicate blocks; 
within each block, species from the same origins were randomly nested within 
sub-blocks positioned randomly within each block. To facilitate subsequent 
separation of plants into cooler and warmer growth temperatures (i.e. Stage 2), 
Stage 1 included two adjacent plants of each species. Sampling for Stage 1 
measurements started after two months of growth in the 25/20 °C treatment, using 
newly developed foliage. One of the two adjacent plants from each block was 
used for Stage 1 measurements, thus a total of 130 measurements (i.e. 25 species 
(+1 A. anuera from NT) x 5 blocks) were made. The timing of sampling of each 
genotype  replicate combination was randomized (both within and among days), 
with measurements of R-T curves and associated traits being made during 
daylight hours, at least two hours after sunrise and one hour before sunset. 
Measurements were made over a 20-day period in winter (June) 2015 when day-
length was ca. 10 hours (14 h night). No significant differences in all R-T 
parameters were found among the five blocks distributed among the three 
glasshouses (P > 0.6 for all parameters), indicating a lack of block effect on R-T. 
Stage 2 provided an opportunity to further assess whether there were inherent 
differences in R-T, using newly formed leaves developed under warmer (30/25°C) 
and colder (20/15°C) growth conditions. Stage 2 also provided an opportunity to 
evaluate the potential of R-T to acclimate to a wide range of contrasting growth 
temperatures. Based on the low variability in R-T derived parameters among 
replicate blocks observed in Stage 1, time constraints, and the need to improve 
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speed of sampling of the larger number of treatments, a smaller number of species 
(20 (+1 A. anuera from NT)) and replicates (four) were sampled in Stage 2; in 
total, 168 of plants (i.e. 20 species (+1 A. anuera from NT) species x two 
treatments x four replicates) were measured in Stage 2, using plants sourced from 
Stage 1. Two of the original three glasshouses were used for Stage 2 (with 
temperatures adjusted to the new treatment requirements), with plants randomly 
arranged within four blocks. Measurements of R-T commenced 20 days after 
temperatures were adjusted in the glasshouses. In most cases, newly-developed, 
mature leaves that formed under the new growth conditions were used for R-T 
measurements with the exceptions that two A. anuera populations, as well as A. 
burkitti and A. hemetelis, R-T curve was measured using pre-existing mature 
foliage. As was the case with Stage 1, sampling sequence of each 
treatment/genotype/block was randomized. Measurements took place in spring 
(October) 2015 over a 15-day period when average day-length was ca.13 hours. 
In both experimental stages, whole-leaves or shoots (for small-leaf species) were 
detached in the glasshouses and stored in cool, moist dark conditions and 
transported to an adjacent lab for measurements. I expected there would be no 
differences in intact and detached whole leaves on this kind of measurements 
(O'Sullivan et al. 2013). All samples were taken from sun-exposed, newly-fully 
expanded foliage including samples in the field.  
2.3.3 Temperature response of respiration measurement 
Detached, whole leaves were used for measurements, sampled either from cut 
branches (in the field) or directly from plants (controlled environments). Note: for 
a few species such as Hakea and Melaleuca, individual leaves were too small for 
measurements. In those cases, the most recently mature, fully expanded parts of 
whole shoots were used. In all cases, leaves were placed in a Peltier system 
chamber (20 cm length x 8 cm width x 5 cm height, 3010-GWK1 Gas-Exchange 
Chamber, Walz, Heinz Walz GmbH, Effeltrich, Germany) and kept in dark for 
about 30 min before data recording. The gas flow in the chamber was fitted with a 
LiCor unit (LI-6400XT; Li-Cor Inc., Nebraska, USA) as an open system with 
controlled CO2 supply (set to the prevailing ambient concentration) and flow rate 
(500 μmol s-1). To allow increased numbers of R-T curves to be measured, I used 
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two matched measurement systems (i.e. two 3010-GWK1 chambers, each 
attached to a LiCor 6400XT unit). During the 30 min dark-adaptation period in 
each chamber, air temperature was cooled (to 10°C in most cases, with the 
exception of measurements in hot conditions where the lowest temperature was in 
the range of 15-20 °C). Once cooled, leaves were then heated continuously at a 
rate of 1 °C min-1 up to 60-70 °C. Leaf temperature was recorded every second 
using a small-gauge wire copper constantan thermocouple pressed against the 
underside of the leaf, with the thermocouple being attached to a LI-6400 external 
thermocouple adaptor (LI6400-13, Li-Cor Inc., Lincoln, NE, USA), with 
temperatures also being recorded by the both LI-6400XT and 3010-GWK1 
chamber. Respiratory CO2 efflux rates were recorded every 30 s by the LI-
6400XTs. After each measurement, each measured leaf was removed from the 
cuvette, placed in a drying oven at 65 °C for a minimum of three days, and 
weighted afterward, so that rates could be expressed on a dry mass basis. 
To enable measurements to be expressed on a leaf area basis, an adjacent leaf to 
that used for the R-T curves was sampled, with fresh mass being measured and the 
leaves photo-image scanned. The scanned images were used to calculate leaf area 
using Image J ( www://imagej.nih.gov/ij/). These leaves were then oven dried 
(65°C for 3 days), with the ratio of leaf dry mass to leaf area being used to 
calculate leaf mass per unit area (LMA) values in the adjacent leaves, and rates of 
respiration on an area basis in the measured leaf. Dried, adjacent leaves were 
subsequently used for chemical analyses. For species whose whole shoots were 
used for R-T curves, separated leaves and stems were scanned and only the area of 
leaves used in the calculation of LMA. 
2.3.4 Nitrogen and phosphorus analysis 
Total nitrogen and phosphorus concentration of the adjacent leaves were first 
extracted using the Kjeldahl method (Novozamsky et al. 1974). Oven dried leaf 
tissues were ground then digested using 98% sulfuric acid under 350 °C.The 
concentration was determined using a LaChat Quikchem 8500 Series 2 flow 
injection system (Lachat Instruments, Milwaukee, WI, USA). 
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2.3.5 Climate data 
Field real-time (30 min resolution) climate data were obtained from the eddy 
covariance flux tower at each site (Karan et al. 2016), except for the two earliest 
campaigns, which preceded tower construction (dry season at RC_FNQ, and 
summer at WAR_TAS) where I obtained climate data (temperature and 
precipitation) using ANUCLIM software package (Hutchinson et al. 2009). Thus, 
I was able to calculate historic climatic variables based on the dates each plant 
individual was measured. For the common environment study, long-term climate 
data of species origins was obtained from the Atlas of Living Australia (ALA) 
(www.ala.org.au, sourced March, 2016) based on the provenances of each species 
provided by the nurseries or seed supplier. Climate data from ALA records were 
extracted using ANUCLIM V6 (Xu & Hutchinson 2011). 
2.3.6 Data analysis 
For each R-T curve both in the field and glasshouse, a range of parameters were 
calculated. Firstly, rates of respiratory CO2 efflux at 25 °C (R25) were obtained 
from each temperature response curve, with these rates being expressed on leaf 
area, dry mass and leaf N bases (R25a, R25m and R25n, respectively). To gain 
insights into differences in the shape of the overall curve, 2nd order polynomial 
curves were fitted in R (R Development Core Team 2013) to plots of log R vs T, 
using data up to 45 °C (O’Sullivan et al. 2013, Heskel et al. 2016), with the 
polynomial model parameters (b and c) being quantified for each leaf. Here, b is 
the slope of the log R-T curve at 0 °C, and c is the change in that slope as 
temperature increases. Finally, Tmax was calculated as the temperature where 
respiration reaches a maximum rate. 
Linear mixed model ANOVA was performed of the field data to compare 
differences in R25a, R25m, R25n, b, c, Tmax, LMA, Nm and Pm (mass-based 
concentrations of leaf nitrogen and phosphorus) with site and season as fixed 
effects, and species and plant replicates (individuals) as random effects. After 
running the linear mixed model, field data were separated into individual sites and 
analysed using linear mixed models with season and species as fixed effects and 
replicates as random effects.   
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For the glasshouse Stage 1 experiment, a split-block design ANOVA was used to 
assess differences among provenance/origins for R25a, R25m, R25n, b, c, Tmax, LMA, 
and Nm and Pm). For the glasshouse Stage 2 experiment, linear mixed model 
analyses of variance (ANOVA) was used to compare differences in Tmax, R25a, 
R25m, R25n, b, c, LMA, Nm and Pm among origins and temperature, with origin and 
temperature treatment as fixed effects and species and plant replicates 
(individuals) as random effects.  
To quantify the extent of seasonal change in each parameter, a ‘thermal response 
index (TRI)’ was calculated for each variables using species mean values (log-
transformed for R25a and R25m), expressed per 1.0°C change in the mean 
temperature of the 30 days prior to the date of measurement for each field study, 
and 1.0 °C change in treated temperatures for the controlled environment study. 
One-way ANOVA was performed to compare TRI among different sites/origins. 
Non normal distributed data (R25m, R25n, b, c, Tmax, LMA, Nm and Pm) were log 
transformed before performing ANOVA. ANOVA statistics were performed 
using GenStat (16th edition SP1).  
2.4 Results 
2.4.1 Seasonal variation of R-T 
All parameters derived from the R-T curve showed significant interactions 
between site and season (Table 2.4). Because of this, sites were assessed 
separately to determine differences between seasons and among species. While 
there were significant differences among seasons for R25a, R25m, and R25n, these 
variations did not correlate consistently with recent growth temperatures, with the 
extent and direction of seasonal variation differing by site (Fig. 2.2, Table S2.1. 
Interestingly, at the temperate wet forest site (WAR_TAS), R25a, R25m, and R25n 
were significantly higher in summer, contrary to that expected from typical 
thermal acclimation responses. 
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Table 2.4 Linear mixed model ANOVA results of R-T parameters and leaf traits (LMA, Nm and Pm) 
or six sites where measurements were made in both seasons in the field. 
   
Units 
Site Season SiteSeason 
  F P F P F P 
R25a  µmol CO2 m
-2 s-1 12.35 < 0.001 15.81 < 0.001 18.03 < 0.001 
R25m nmol CO2 g
-1 s-1 3.59 0.005 6.08 0.014 10 < 0.001 
R25n nmol CO2 gN
-1 s-1 3.59 0.005 6.69 0.001 12.51 < 0.001 
b - 0.87 0.503 1.91 0.168 7.89 < 0.001 
c - 0.81 0.549 1.21 0.271 3.76 0.003 
Tmax °C 6.51 < 0.001 65.5 < 0.001 6.91 < 0.001 
LMA g m
-2 7.22 < 0.001 1.63 0.203 10.34 < 0.001 
Nm mg kg
-1 3.68 0.004 1.83 0.178 4.17 0.003 
Pm mg kg
-1 5.31 < 0.001 106.21 < 0.001 59.3 < 0.001 
 
 
Figure 2.2 Relationships between R-T curve parameters and mean temperature of 30 days prior to 
the date of measurements (PDM) in the field. Refer to Table 2.4 for units of each parameter. Data 
shown for six sites distributed across the Australian continent: CT_FNQ, Cape Tribulation in 
tropical wet forest Far North Queensland; RC_FNQ, Robson Creek in tropical wet forest Far North 
Queensland; AM_NT, Alice Mulga in the woodland of Northern Territory; GWW_WA, Greater 
Western Woodland in semi-arid woodland, Western Australia; CP_NSW, Cumberland Plain in 
temperate woodland of New South Wales; WAR_TAS, Warra in a cool-temperate wet forest in 
Tasmania. For all sites other than RC_FNQ, measurements were made in the cool and warm seasons. 
Large points show site means (all species combined), with thin coloured lines connecting 
measurements in cool & warm seasons. Small points with different colours showing individual 
genotype mean values at each site/season combination. The thick black line shows a significant 
linear regression between each parameter and the 30-day mean temperature, using species mean 
data (slope, R2 and P values shown). Details of the statistical analysis can be found in Table S2.2.  
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The two temperature coefficient parameters, b and c, did not differ among sites or 
between seasons (Table 2.4). However, significant interaction effects between site 
and season were found. Parameters b and c were then assessed for each site. They 
differed significantly between seasons in two of the six sites (GWW_WA and 
WAR_TAS). Tmax showed consistent direction of thermal response patterns in 
field (Fig. 2.2), being consistently lower in cooler seasons for all sites (Table 2.4 
& S2.1). Five sites showed consistently higher Tmax in the warmer season (P < 
0.01) and only WAR_TAS exhibiting no significant change between winter and 
summer (F = 0.03, P = 0.868). Across all sites and seasons, Tmax showed 
significant positive linear relationships with growth temperature (i.e. mean T of 
30 days prior to date of measurement (PDM); Fig. 2.2, Table S2.3). We decided 
to use 30 days PDM as this period is likely to be sufficient for full acclimation for 
leaf metabolic processes (Cunningham & Read 2003; Reich et al. 2016). In 
addition, we also tested linear models using a continuous series of number of days 
ranging from 1 day to 30 days; we found similar significance we found similar 
significance (P < 0.001) with only 0.026 differences in R square value for Tmax. 
For R25a and R25m, when testing the linear models with similar methods ranging 
from 1 day to 30 days, models were not significant (P > 0.1, R2 < 0.04). Principle 
component analysis (PCA) analysis was also used to investigate relationships 
between climate factors (mean T of 30 days PDM, PPT of 30 days PDM), LMA, 
Nm, Pm and Tcrit, The first and second component could explain 31.16% and 
25.78% of the variations respectively, Tcrit and mean T of 30 days PDM were 
closely overlapped in the same direction but not PPT of 30 days PDM. 
2.4.2 Controlled environment study 
Stage 1 & 2 of the controlled environment study provided an opportunity to assess 
whether there were inherent differences in leaf traits and respiratory parameters 
among species adapted to thermally contrasting conditions across Australia, using 
leaves developed under three thermal regimes. Irrespective of the growth 
temperature treatment, LMA, Nm and Pm all differed significantly among the four 
environmental origins (P < 0.001. Table 2.5) 
In both experimental stages, R25a, R25m and R25n differed significantly among 
different origins (P < 0.001, Tables 2.5 & S2.2), indicating that there are indeed 
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inherent differences in respiratory rates among species from different 
environmental origins. To explore the basis of such differences further, 
relationships between each parameter and climate of origin, mean annual 
temperature (MAT) or mean annual precipitation (MAP), were assessed. R25n 
exhibited a significant negative relationship with origin MAT (Fig. 2.3, Table 
S2.3). Different from R25n, variations in R25a and R25m were significantly related to 
differences in MAP of origins but not MAT. Thus, while species from arid areas 
exhibit inherently higher rates of area- and mass-based R25 than their mesic 
counterparts, links between the thermal environment of a species origin and R25 
were less clear. 
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Table 2.5 Impact of growth temperature (20: 20/15 °C, day / night temperatures; 30: 30/25 °C) on 
R-T parameters and leaf traits (LMA, Nm and Pm) of plants sourced from four regions across 
Australia. Also shown are two-way ANOVA results of the glasshouse Stage 2 experiment. Note: 
Stage 1 statistical results are in Table S2.2. 
  Origin Treatment Origin × Treatment 
  F P F P F P 
R25a  36.49 < 0.001 48.47 < 0.001 1.04 0.376 
R25m 10.50 < 0.001 8.00 0.029 0.60 0.618 
R25n 7.78 < 0.001 29.83 0.002 1.44 0.236 
b 2.92 0.037 1.08 0.301 0.79 0.500 
c 3.89 0.011 1.72 0.191 1.03 0.382 
Tmax 0.89 0.447 28.18 < 0.001 0.68 0.565 
LMA 22.21 < 0.001 22.27 < 0.001 0.10 0.959 
Nm 13.04 < 0.001 0.71 0.401 0.05 0.987 
Pm 76.69 < 0.001 0.25 0.618 0.36 0.782 
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Figure 2.3 Relationships between R-T curve parameters and annual precipitation (left column) and 
annual mean temperature (right column) of each plant species in glasshouse study. Points show 
species means and different colours represent different growth temperature treatments: 25/20°C 
(day/night) in the glasshouse Stage 1 experiment (Stage1_25); 20/15°C (Stage2_20) and 30/25°C 
(Stage2_30) in the Stage 2 experiment. Linear models found significant relationships between 
annual precipitation and R25a and R25m. Linear models found significant relationships between 
annual mean temperature and R25n. The three models found the slope under three temperature 
treatments did not differ but intercept differed. Lines show linear regressions. Details of linear 
regressions can be found in Table S2.3. 
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Quantification of detailed R-T curves over a wide temperature range also provided 
an opportunity to assess whether species from contrasting origins differ inherently 
in temperature coefficients of R (i.e. b and c parameters). No significant 
differences in b and c were found among origins in Stage 1 plants grown at 25°C 
(P > 0.05, Table S2.2). While both parameters differed among species from 
different origins in Stage 2 (Table 2.5), the differences were not highly significant 
(P values of 0.037 and 0.011 for b and c respectively). Tmax also did not differ 
among species in either Stage 1 (F = 0.68, P = 0.565) or Stage 2 (F = 1.03, P = 
0.382). Collectively, these results suggest that there is no consistent inherent 
difference in temperature dependence, or high temperature tolerance, of leaf R 
when selected species from the four contrasting origins are growing under 
glasshouse conditions.  
Acclimation of R-T parameters was assessed by comparing traits of leaves 
developed under the two thermal regimes in Stage 2, 20/15 °C (day/night) and 
30/25 °C. LMA was lower in leaves that developed under warmer growth 
conditions, while no differences in Nm and Pm were found between the two 
temperature treatments (Table 2.5). In general, plants growing under the high 
temperature treatment resulted in lower rates of area-, mass- and nitrogen-based 
rates of leaf R25 than in colder grown plants (Fig. 2.4, Table 2.5), with the 
response being similar for all origins and species. Conversely, growth at 30°C 
was associated with a consistent increase in Tmax for all species and four climatic 
origins (Fig. 2.4, Table 2.5). The two temperature sensitivity parameters (b and c) 
did not differ significantly between the two temperature treatments (Table 2.5).   
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Figure 2.4 Response of R-T curve parameters of each plant species to two growth temperature 
treatments in Stage 2 glasshouse study in plants from different origins. Refer to Table 2.4 for units 
of each parameter. Origins are ordered from warm to cool biomes. FNQ represents tropical 
rainforest, WA for Mediterranean woodland, NSW for temperate forest and TAS for temperate 
rainforest. 
Taken together, Stage 1 and 2 results suggest that: (a) there is little evidence of 
that the temperature dependence of leaf R differs systematically among the 
selected species; (b) the temperature dependence is not affected by growth 
temperature; (c) species from arid regions exhibit inherently higher rates of 
respiration than their more mesic counterparts; and, (d) the selected species are 
capable of thermally acclimated in leaf R, resulting in warm-grown plants 
exhibiting lower rates of leaf R25 and higher Tmax values than their cooler-grown 
counterparts. The fact that R25 was lower in warm grown plants irrespective of 
how rates are expressed suggests that the decline in rates is not similar as result of 
changes in leaf structure and/or nitrogen content.  
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Figure 2.5 Comparison of thermal response index of R-T parameters (R25a, R25m, Tmax) between 
glasshouse and field study. For field data, ‘Thermal response index’ was calculated as the seasonal 
change in each variables using species mean values (refer to Table 2.4 for units of each parameter), 
expressed per 1.0 °C change in the mean temperature of the 30 days prior to the date of measurement. 
For glasshouse data, ‘Thermal response index’ was calculated as the change in R-T parameters using 
species mean values expressed per 1.0 °C change in treated temperatures. Origins are ordered from 
warm to cool biomes. FNQ represents tropical rainforests (field data of CT_FNQ and RC_FNQ 
were combined), WA for semi-arid woodland (field data of AM_NT and A aneura from NT were 
not included), NSW for temperate forest and TAS for temperate rainforest. 
To further quantify acclimation responses in glasshouse and field grown plants, I 
calculated the thermal response index (TRI - change in each parameter per unit 
change in growth temperature) of R25a, R25m and Tmax. Across biomes, Tmax 
exhibited TRI values above zero in both the glasshouse and field, underpinned by 
increases in Tmax as growth temperature increased. For R25a and R25m, the general 
pattern was for TRI to be negative when plants were grown under warmer 
controlled environment conditions (i.e. lower rates under growth temperatures of 
30 °C compared to 20 °C); however, under field conditions the pattern was less 
consistent, especially for the temperate wet forest site in Tasmania, where the TRI 
of R25a and R25m was greater than zero (Fig. 2.5). For the glasshouse study, TRI 
values did not differ significantly among species from contrasting origins for all 
R-T parameters (P > 0.1, Table 2.6), suggesting species from thermally 
contrasting biomes share similar acclimation capacity. 
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Table 2.6 ANOVA results for comparison of ‘Thermal response index’ of R-T parameters of plant 
species among different sites in the field and among different origins in glasshouse study. ‘Thermal 
response index’ for field study was calculated as the seasonal change in each variables using species 
mean values, expressed per 1.0 °C change in the mean temperature of the 30 days prior to the date 
of measurement. ‘Thermal response index’ for glasshouse study was calculated as the change in R-
T variables using species mean values, expressed per 1.0°C change in treated temperatures. 
  Field Glasshouse 
  DF F P DF F P 
R25a  5 6.97 < 0.001 3 0.9 0.462 
R25m 5 3.76 0.005 3 0.43 0.734 
R25n 4 1.58 0.196 3 1.79 0.190 
b 5 1.28 0.286 3 0.28 0.840 
c 5 0.53 0.753 3 0.41 0.745 
Tmax 5 2.24 0.069 3 1.72 0.555 
2.5 Discussion 
Here in this chapter my study presented 860 short-term R-T (10 – 70 °C range) 
curves measured on 62 species (including 26 tropical rainforest species) over two 
seasons in the field, with a third of those species then being grown under three 
common temperature regimes in controlled environments. My study more than 
doubles the number of species to have seasonal responses of respiratory rates 
surveyed under field conditions (previously limited to 27 species). The results 
demonstrate that when seasonal variation of R25 was assessed using wide range of 
species from six thermally contrasting biomes, the hypothesis that rates would be 
higher in winter (i.e. thermally acclimate) was generally not supported. By 
contrast, changes in R25 which are consistent with thermal acclimation were 
observed for plants grown under controlled environment conditions. By contrast, 
the temperature optimum of R (Tmax) was found to consistently acclimate to 
sustained changes in growth temperature both in the field and in temperature-
controlled glasshouses. No inherent differences or evolutionary adaptation of Tmax 
were found. 
2.5.1 Differential acclimation of R25 in glasshouse from the fields 
The first key finding from this study is the lack of consistent acclimation of R25 to 
seasonal temperature variations but consistent acclimation to sustained 
temperature changes in the glasshouses. In a recent global synthesis, Slot and 
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Kitajima (2015) concluded that thermal acclimation of R (down-regulation of R 
under warmer conditions) was found in the majority of studies. A few recent 
studies where the environment was manipulated (e.g. warming treatments) also 
reported the same conclusion (Aspinwall et al. 2016; Drake et al. 2016; Reich et 
al. 2016). However, as noted in the Introduction, only 14 out of the 47 studies on 
thermal acclimation of R surveyed by Slot & Kitajima (2015) were field based, of 
which only 11 assessed seasonal variations (Strain 1969; Atkin et al. 2000; Bruhn 
et al. 2007; Tjoelker et al. 2008; Ow et al. 2010; Dillaway & Kruger 2011; Searle 
et al. 2011; Searle & Turnbull 2011; Way et al. 2015; Reich et al. 2016; Araki et 
al. 2017). In the 33 controlled environment (growth cabinet, glasshouse or open-
top chamber) studies, only one study by Yin et al. (2008) reported no evidence of 
thermal acclimation of R; however, in that study, the warming treatment was only 
+ 0.34-0.69°C. In the five in-situ warming studies, all found R acclimated to 
warming (Bruhn et al. 2007; Zhou et al. 2007; Chi et al. 2013; Slot et al. 2014; 
Reich et al. 2016); in the 11 studies assessing seasonal acclimation mentioned 
earlier, two studies (Dillaway & Kruger 2011; Way et al. 2015) did not find 
seasonal acclimation of R. Therefore, temperature-controlled settings and in situ 
warming yield consistent acclimation results, while purely natural seasonal 
studies do not.  
One point of note is that most of the past field studies on thermal acclimation 
have been on deciduous trees or short-lived herbaceous plants, with the period of 
experiment being relatively limited to the growing season (e.g. from spring to late 
summer). By contrast, our study provides data on long-lived evergreen trees and 
shrubs, with sampling time points being three seasons apart in the warmest and 
coldest seasons. For such species, down-regulation acclimation of R25m in the 
cooler season was only found in the two tropical rainforest sites (RC_FNQ and 
CT_FNQ), where seasonal changes in growth temperature are relatively minor in 
comparison to the higher latitude, temperate sites. Interestingly, the cool-
temperate rainforest WAR_TAS exhibited results totally contrary expected 
thermal acclimation of R, with rates being higher in summer than winter. 
The lack of consistent seasonal thermal acclimation of R25 in the field indicates 
some other factors might mask the effects of temperature on R. First, in the field, 
phenology might drive the energy demand from mature leaves for growing new 
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leaves or flowering. High demand of ATP in some seasons requires higher 
activity of respiratory related enzymes and changes of electron transport to 
alternative and cytochrome pathways (Atkin & Tjoelker 2003; Way et al. 2015). 
Second, light and water availability also changed seasonally; these abiotic factors 
could also directly affect rates of leaf R, with lower water availability and shade 
both having the potential to reduce leaf R25 (Lusk & Reich 2000; Gauthier et al. 
2014; Weerasinghe et al. 2014). Interestingly, winter is the dry season in FNQ, 
raising the possibility that the higher rates of R25 in winter than summer at those 
sites might have been influenced by precipitation in addition to seasonal changes 
in growth temperature. At the higher latitude sites, winter is characterised not 
only by lower growth temperatures, but also much lower daily irradiance, with 
consequences for daily photosynthesis and potential demand for respiratory 
energy. This is particularly marked for the most southerly site, WAR_TAS, where 
winter days are characterised by low cloud, persistent rain, short days and low 
growth temperatures. Under such conditions, the growth of the wet temperate 
forests of Tasmania is potentially reduced and with little tree growth and reduced 
rates of daily photosynthesis, the lower rates of R25 in winter are logical outcome 
of reduced demand for respiratory products. While not fully accounting for the 
observed results, it seems clear that care is needed when predicting how R will 
vary seasonally in evergreen forests with long-lived leaves that experience 
seasonal changes in irradiance, rainfall, temperature and whole-plant growth 
rates. This finding has implications for how the results of most thermal 
acclimation studies in which changes in growth temperature are the only factor 
that varies are extrapolated to seasonal changes in the environment in the field. A 
priority for future research thus need to be understanding how rates of leaf R are 
influenced by changes in growth temperature that occur in the presence and 
absence of changes in other abiotic factors. 
In a recent global survey of temperature response curves of leaf R (Heskel et al. 
2016), the temperature coefficient parameters (b and c), were found to be 
invariant among biomes and plant functional types. This study also found no 
consistent effect of site on these temperature sensitivity parameters in the field. 
Importantly, the study in (Heskel et al. 2016) did not assess whether b and c vary 
with growth temperature and/or seasons. Their results point to b and c being 
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unaffected by changes in growth temperature in plants grown under glasshouse 
conditions (Table 2.5), suggesting that thermal acclimation is not linked to 
changes in the temperature sensitivity of leaf R, at least in leaves that develop 
under each new thermal regime. Similarly, I also found no seasonal variation in b 
and c at four of the six field sites for which I have winter and summer values. 
However, for three sites, (GWW_WA, WAR_TAS and RC_FNQ), b and/or c 
values did vary seasonally (Table S2.1), but in a manner that was not consistent 
with growth temperature (Fig. 2.3). Thus, while there is potential for seasonal 
variability in the shape of R-T curves, the data preclude any generalizations about 
the direction of such changes. Importantly, the data strongly suggest that growth 
temperature alone does not alter the shape of R-T curves other than altering the 
base rates of leaf R (i.e R25).  
2.5.2 Consistent thermal acclimation of Tmax both in glasshouse and field study 
The second key finding in current study is the consistent acclimation of Tmax to 
seasonal changes in the environment in the field, with Tmax being higher in 
summer than winter and to sustained changes in temperature in glasshouses. This 
suggests Tmax is highly dependent on the thermal history experienced by leaves. 
This general acclimation pattern could simplify the prediction of respiratory heat 
tolerance to future climate warming. Interestingly, the degree of acclimation of 
Tmax was found to be higher in the field than in the temperature-controlled 
glasshouses (Fig. 2.5). Past studies have reported that drought increases heat 
tolerance of R to a high degree, with drought treatment increasing Tmax by 6°C in 
one study on an evergreen tree species (Gauthier et al. 2014). Thus, the greater 
extent of acclimation (i.e. thermal response index) of Tmax in the field might come 
from plants experiencing a combination of warmer and drier conditions, and 
longer days, in summer. Such factors would elevate daily average canopy 
temperatures in a greater extent compared to if only growth temperature was 
altered, with droughted plants often exhibiting higher leaf Ts than their well-
watered counterparts (Blum et al. 1989). Future work needs to elucidate what 
factors are responsible for these dynamic changes in Tmax, such as adjustments in 
membrane physical properties, abundance of key respiratory related protein 
complexes such as cytochrome c oxidase (Dahlhoff et al. 1991; Dahlhoff & 
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Somero 1993; Sanmiya et al. 2004), heat shock proteins and organic solutes 
(Sung et al. 2003).  
2.5.3 Inherent differences in R-T 
By growing plants in three common temperature regimes, I found higher R25a and 
R25m from drier sites compared to their more mesic counterparts, while R25n was 
consistently higher in species from colder than warmer sites, indicating that 
adaptation to environmental conditions has resulted in inherent differences in 
respiratory rate expressed in different units (area, mass and N based). In a recent 
global survey of R25a and R25m and their relationships with temperature and water 
availability (Atkin et al. 2015), it was reported that plants sampled in colder or 
drier sites showed higher R25a and R25m than species growing at warmer and 
wetter sites. What was unclear from that study, however, was the role inherent 
differences may have played in the observed patterns. This study suggests that 
inherent differences in leaf structure and chemistry may have contributed to the 
differences observed in Atkin et al. (2015), at least in terms of differences among 
temperate, broadleaved evergreen plant species. The inherent variations in R25n 
among biomes might be explained by: (1) higher N partitioning to metabolically 
related proteins in plants adapted to cooler environments (Xiang et al. 2013; 
Scafaro et al. 2017); (2) differences in respiratory enzymes activities (Dahlhoff et 
al. 1991; Dahlhoff & Somero 1993); (3) differences in mitochondria membrane 
lipid composition that could affect protein turnover rate and ion leakage (Raison 
& McMurchie 1974; Dahlhoff et al. 1991). All of these possibilities need further 
investigations. 
This study is the first to assess whether there are inherent differences in the high 
temperature thermal threshold of leaf R. No inherent differences of Tmax were 
found among the selected species from contrasting environmental origins, 
implying the absence of evolutionary footprints on respiratory heat tolerance. 
Because of this, it seems likely that the major factor influencing the increasing 
Tmax from the Arctic to the tropics (O'Sullivan et al. 2017) is an acclimation 
response to increasing growth temperatures. One study in animals has suggested 
the adaptation of mitochondrial respiratory heat tolerance, but they did point out 
the possibility of thermal acclimation rather than genetically fixed adaptation 
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(Dahlhoff et al. 1991). A recent study has also suggested that phytoplankton do 
not exhibit adaptive differences in respiratory heat tolerance (Padfield et al. 
2016). Thus, it is tempting to conclude that heat tolerance of respiration is 
unaffected by evolutionary pressures, with the trait being highly plastic and able 
to adjust to changes in temperatures experienced by leaves.  
In conclusion, this study points to contrasting impacts of environment on different 
elements derived from high-resolution R-T curves. From the perspective of basal 
values of leaf R, the results suggest that while R25 of broadleaved evergreen tree 
species in Australia does consistently acclimate to changes in growth temperature 
when only growth temperature are altered, such responses do not necessarily 
predict how respiration will behave under field conditions where a combination of 
abiotic factors change through time (e.g. seasonal changes in light, rainfall and 
temperature). The implication of this is that climate modellers cannot assume that 
acclimation to changes in growth temperature will be predictive of seasonal 
changes in leaf R. By contrast, the temperature optimum of R (Tmax) does 
consistently acclimate to temperature changes both under natural field and 
temperature-controlled conditions, highlighting a high degree of thermal 
regulation of respiratory heat tolerance.   
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CHAPTER 3 
Plasticity of photosynthetic heat tolerance in plants 
adapted to thermally contrasting biomes  
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3.1 Abstract 
Plants are increasingly subject to more frequent and intense heat waves, 
potentially causing irreversible damages on the photosynthetic apparatus in the 
future. Currently, our ability to predict spatial and temporal variations in 
photosynthetic heat tolerance (PHT) remains limited. Following the last chapter on 
spatial and temporal variations of R-T response, the study in this chapter 
investigated both spatial and temporal variations in PHT of plants across the 
Australian continent by combing both field and glasshouse surveys. PHT 
(indicated as Tcrit) was quantified using temperature response of minimal 
fluorescence. In the field, Tcrit was measured in 62 species native to six sites 
representing five thermally contrasting biomes. Thereafter, Tcrit was quantified in 
glasshouse in 20 species (a subset species of field study) sourced from locations 
close to each field sites. Seedlings were grown in three temperature-controlled 
glasshouses (20, 25 and 30 °C). Leaf fatty acid (FA) composition was also 
profiled. The results showed that in the field, Tcrit was generally higher in summer 
than winter. The glasshouse study demonstrated that Tcrit also acclimated to 
sustained changes in temperature with higher values in warmer growth 
conditions; acclimation degree did not differ among species origins. Acclimation 
also resulted in changes in lipid composition. The relative abundance of some 
FAs (e.g. C16:0 and C18:0) were higher in warm acclimated plants. Tcrit and the 
relative abundance of some FAs (e.g. C16:0 and C18:2) also showed inherent 
differences, being higher in species adapted to warmer habitats; Tcrit increased by 
0.15 °C for every 1.0 °C increase in long-term annual mean maximum 
temperature of species origins. Overall, variations in FAs accounted for ~ 40% of 
variation in Tcrit. These results highlight the importance of both acclimation and 
evolutionary adaptation in determining PHT of plants. 
3.2 Introduction  
Global climate change is warming terrestrial ecosystems, with greater frequency 
and intensity of heatwaves predicted worldwide (Meehl & Tebaldi 2004; Hansen 
et al. 2012). Given the potential irreversible damages of heatwaves on plant 
metabolism, there is a need to predict the impacts of future changes in climate on 
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the functioning of diverse terrestrial ecosystems. The components of plasticity 
and evolutionary adaptation footprint in key traits such as heat tolerance in 
photosynthesis of cross-biome variations will be important to determine future 
species distributions. Understanding these could improve vegetation modelling 
and predicting range shifts of plants (Araujo et al. 2013; Valladares et al. 2014).  
Photosynthesis has long been recognised as one of the most thermally sensitive 
metabolic processes in plants (Schreiber et al. 1975; Berry & Björkman 1980; 
Seemann et al. 1984). To gain information about the high temperature threshold 
at which damage and severe limitations on photosynthesis occurs, one approach 
which has been proved rapid and reliable is to quantify the critical temperature 
(Tcrit) at which minimal chlorophyll a fluorescence (Fo) increases sharply as 
leaves are heated (Schreiber & Berry 1977; Seemann et al. 1984). Quantification 
of Tcrit via measurement of the temperature response of Fo (i.e. Fo-T curves) or 
similar methods that assess photosystem II (PSII) functionality (e.g. temperature 
dependence of the maximum quantum yield of PSII of dark-adapted leaves) 
provides insights into the heat sensitivity of PSII (Schreiber et al. 1976; Schreiber 
& Berry 1977; Bilger et al. 1984; Krause & Weis 1984; Krause et al. 2010; Zhang 
et al. 2012; Curtis et al. 2014; Krause et al. 2015; Curtis et al. 2016). At 
temperatures above Tcrit, electron transport is disrupted due to increased 
membrane fluidity and dissociation of membrane-bound proteins involved in 
photosynthesis (Schreiber & Berry 1977). Using such approaches, advances have 
been made in our understanding of the physiological mechanisms (Yamane et al. 
1998; Hüve et al. 2006; Hüve et al. 2011), broader ecological patterns and 
significance of photosynthetic heat tolerance (PHT) (Downton et al. 1984; 
Seemann et al. 1986; Knight & Ackerly 2001; Knight & Ackerly 2002; Ghouil et 
al. 2003; Knight & Ackerly 2003; Krause et al. 2010; Zhang et al. 2012; Curtis et 
al. 2014; O'Sullivan et al. 2017). Key insights from such studies include: wide 
inter-specific variation in PHT among co-existing species at individual sites 
(Seemann et al. 1984; Curtis et al. 2016; Crous et al. 2017); PHT is greater at near 
the equator than at high latitudes (Crous et al. 2017); and, spatial patterns in 
growth temperature can be used to predict site-mean values of Tcrit (Knight & 
Ackerly 2003; Crous et al. 2017). Water availability may also play an important 
role (Ghouil et al. 2003; Curtis et al. 2016). What is less clear, however, is the 
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extent to which there are inherent differences in high temperature tolerance of 
photosynthesis among species adapted to contrasting habitats. Doubt also remains 
about the extent to which Tcrit acclimates to seasonal changes in the natural 
environment. As a result, our ability to predict spatial and temporal variations in 
PHT in a future warmer world remains limited. 
To better understand the spatial and temporal variations in PHT, a systematic 
study, is important, for example, combining multiple biomes including large 
number of species in both field and controlled environment.  Previous studies 
only worked on single site or single species, either only in the field or in 
controlled environment but not combined. Only one study combined field and 
glasshouse investigations by Downton et al. (1984). They reported seasonal 
variation (spring and summer) in Tcrit for 13 perennial desert species growing at a 
single field site, Death Valley, California, and acclimation of Tcrit values for 2 
species growing at two temperatures in glasshouse. Ghouil et al. (2003) worked 
on one single species (oak seedlings) subjected to a range of growth temperatures 
(10 to 40 °C) in growth cabinet exhibited acclimation of PHT, with Tcrit increasing 
~ 0.3 °C per degree increase in growth temperature. More recently, O’Sullivan et 
al. (2017) reported seasonal variations in Tcrit at two sites in Australia (three 
species at each site) consistent with thermal acclimation patterns. However, 
whether such seasonal patterns hold for a wider range of species and sites is not 
known. To advance understanding of spatial and temporal variations of PHT, 
additional information on a greater number of species and biomes is needed 
across a broader context by combining both field and controlled environment 
study.  
Another unknown is the existence of inherent differences in PHT. Knight and 
Ackerly (2003) compared four pairs of congeneric species from hot desert and 
cooler coastal regions of northern California in glasshouse settings. No 
differences were found between the desert and coastal species. A common garden 
study on Australian desert plants by Curtis et al. (2016) found that species 
adapted to higher water availability experienced thermal damage at lower leaf 
temperatures. In addition, some evidences of inherent differences in temperature 
responses of net photosynthesis were found in the comparison of Australian 
tropical and temperate rainforest species (Cunningham 2003, Hill 1988). While 
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these results suggest that there may be inherent differences in PHT among species 
adapted to contrasting environments, both in terms of intrinsic values and 
acclimation potential, further systematic studies are needed before firm 
conclusions can be made. 
Heat-wave events often occur during periods of drought, with the combination of 
high leaf temperature and reduced water availability increasing the severity of 
damage to leaf physiological functions (Teskey et al. 2015). There is evidence 
from controlled-environment studies that drought can increase PHT in individual 
species, sometimes on a scale greater than that of elevated growth temperatures 
(Ladjal et al. 2000; Ghouil et al. 2003). For example, PHT of oak (Ghouil et al. 
2003) and cedar (Ladjal et al. 2000) seedlings increased dramatically under 
drought conditions. The effects of drought on PHT are also closely related with the 
complex processes that underpin leaf thermoregulation (Michaletz et al. 2015; 
Michaletz et al. 2016). During drought, leaf temperatures are likely to be elevated 
because the lack of water limits transpiration cooling (Schymanski et al. 2013), 
with leaf temperatures also being influenced by factors such as leaf thickness, 
shape and size, particularly for desert plants (Leigh et al. 2012). The available 
data suggest that desert plants adapt to dry environments not only 
morphologically (Knight & Ackerly 2003) but also physiologically via acquisition 
of PHT (Curtis et al. 2016). Collectively, such observations point to drought-
mediated heat tolerance and thus the need for aridity to be considered when 
assessing how Tcrit values differ among wet vs dry biomes and/or vary seasonally. 
An important factor influencing how high temperature events affect metabolic 
processes is the degree of saturation of fatty acids (FA) in the lipid bilayer of cell 
membranes, including thylakoid membranes in chloroplasts (Berry & Björkman 
1980; Hochachka & Somero 2002). Rising temperatures increase fluidity of cell 
membranes (Los & Murata 2004), resulting in membranes that may become leaky 
at high temperatures. However, lipid physical properties can acclimate to 
sustained increases in growth temperature via incorporation of FAs with a higher 
saturation level (e.g. increasing the proportion of saturated acyl chains) 
(Larkindale & Huang 2004). While relatively few studies have investigated 
variations in FA composition along environmental gradients in natural 
ecosystems, comparison of plant species from desert and coastal areas (Knight & 
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Ackerly 2002; Knight & Ackerly 2003) revealed higher proportions of saturated 
FAs in plants grown under higher growth temperatures. Warm-adapted desert 
species also show intrinsically higher lipid phase transition temperatures than 
cool-adapted species (Pike & Berry 1980); similarly, warm-acclimated plants 
exhibit higher levels of saturated FA than their cool-acclimated counterparts 
(Pearcy 1978; Larkindale & Huang 2004). Changes in FA composition such as 
these are likely to have important implications for chloroplast membrane stability 
and thermal stability of photosynthesis (Berry & Björkman 1980). While there is 
growing evidence for the importance of membrane FAs in temperature responses 
of model and crop plant systems (Kodama et al. 1994; Murakami et al. 2000; 
Alfonso et al. 2001; Sung et al. 2003; Falcone et al. 2004), no studies have, to my 
knowledge, attempted to link variations in PHT with lipid physical properties for 
plants growing in contrasting environments in nature. 
An earlier study reported on biome-to-biome patterns in PHT, where Tcrit values 
sampled at one-time point in the year (mostly summer) were 8°C higher in the 
equatorial tropics than in the Arctic (Crous et al. 2017). As noted above, seasonal 
adjustments in Tcrit were also noted at two sites in that study, suggesting that the 
global patterns in PHT could be the result, in part, of acclimation processes. 
However, to fully understand the role that acclimation and adaptation play in 
influencing regional and global patterns of PHT, more work is needed comparing 
winter vs summer phenotypes in a large number of species and sites. Moreover, 
controlled environment studies are needed to determine whether there are inherent 
differences in Tcrit among species adapted to cool vs warm sites, and to assess the 
extent to which Tcrit can acclimate to sustained changes in growth temperatures. 
These key aspects were suspected to be related with thermal histories and may be 
reflected in their geographic distributions. However, lack of empirical direct 
connections for these fundamental traits represents a key gap in understanding the 
significance of thermal effects on evolutionary histories of heat tolerance. 
In this chapter, I quantified variations in Tcrit in a wide range of plant species 
adapted to five thermally contrasting biomes across the Australian continent by 
combining both field and glasshouse studies. Australia is noted for its unique flora 
and range of contrasting thermal and water-supply environments (e.g. wet forests 
in tropical and temperate regions through to inland, arid and semi-arid 
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woodlands); it is also experiencing rising air temperatures (Perkins & Alexander 
2013) and longer duration and severity of heat waves (Cowan et al. 2014; Lewis 
& King 2015; Steffen 2015). By measuring Tcrit values at several field sites across 
Australia in two seasons, and by growing plants under temperature-controlled 
glasshouse conditions, my study in this chapter tested the following hypotheses: 
(1) The acclimation of photosynthetic heat tolerance (PHT) seen in previous 
studies extend to broader climates and species, quantified as Tcrit: (a) varies 
seasonally in the field across biomes, being higher in summer than winter, and (b) 
acclimates to sustained changes in growth temperature under controlled 
environment conditions; 
(2) Tcrit values are inherently higher in species adapted to hot/dry environments 
than their cool/moist-adapted counterparts; 
(3) Variations in Tcrit are associated with variations in leaf lipid physical 
properties, with hot-adapted and/or warm-acclimated plants exhibiting higher 
saturation level of FAs than their cool-adapted/cool-acclimated counterparts. 
3.3 Materials and methods 
3.3.1 Field sites and species sampling 
Refer to the section 2.3.1 in Chapter 2. 
3.3.2 Controlled environment study 
Refer to the section 2.3.2 in Chapter 2. 
3.3.3 Determination of photosynthetic heat tolerance 
Whole detached leaf, were placed in a Peltier temperature-controlled, well-mixed 
chamber (3010-GWK1 Gas-Exchange Chamber, Walz, Heinz Walz GmbH, 
Effeltrich, Germany) and kept in dark for 30 min before data recording. The gas 
flow in the chamber was controlled by a LiCor 6400XT portable gas exchange 
system (LiCor Inc., Lincoln, NE, USA). The chamber was cooled to ca. 10 °C, 
after which leaves were heated at a rate of 1 °C min-1 toward 60-70 °C. Leaf 
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temperature was recorded every second using a small-gauge wire copper-
constantan thermocouple pressed against the underside of the leaf, with the 
thermocouple being attached to a LI-6400 external thermocouple adaptor, with 
temperatures being recorded by the both LI-6400XT and WALZ chamber. 
Fluorescence signals were recorded every 30 s (i.e. at ~ 0.5 °C intervals) using a 
MiniPAM portable chlorophyll fluorometer (HeinzWalz, Effeltrich, Germany) by 
positioning the fibre-optic sensor on the surface of the glass lid of the chamber. 
Tcrit was calculated as the intersection of two regression lines, representing the flat 
and steep parts of the Fo-T response curve (Schreiber & Berry 1977; O'Sullivan et 
al. 2013; Crous et al. 2017); see Fig. S3.1 for an example. Here, measurements on 
both R-T and Fo-T were on the same leaf samples at the same time in the morning 
or early afternoon. 
3.3.4 Fatty acid sampling and analysis 
The method of quantification of fatty acid composition was modified from James 
et al. (2011). Fatty acid sampling happened in Stage 2 of the glasshouse study. 
Among the 20 species, three species from NSW were not sampled for FA 
analysis. Fresh leaves were frozen in liquid N2 and stored at -80 °C, and then 
freeze-dried (Virtis, Sentry 2.0, SP Scientific). Freeze-dried samples were ground 
using a ball mill; thereafter, ~ 5 mg samples were extractively methylated with 
3M methanolic hydrochloric acid/chloroform (1mL, 10:1 v/v) into fatty acid 
methyl ester (FAME). Heptadecanoic acid was used as internal standard. The 
methylation was quenched with 1ml water and the FAMES were extracted using 
4:1 v/v hexane:chloroform. The extract was concentrated under N2 gas stream and 
transferred to auto-sampler vials for GC/MS analysis (Gas Chromatography Mass 
Spectrometry, 7890A GC system, 5957 inert XL EI/CI MSD, Agilent 
technologies, USA). Each FA composition was expressed as the mole percentage 
of total FA. Double bond index (DBI) of FA composition was calculated as: 
1×Ci:1 + 2×Ci:2 + 3×Ci:3. i represents the number of carbon atoms (chain 
length) and the subsequent number represents the number of double bonds. Total 
composition of saturated FA (SAT) as: Ci:0 was also calculated. 
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3.3.5 Climate data 
Refer to the section 2.3.5 in Chapter 2.  
3.3.6 Data analysis 
Linear mixed models were used to conduct two-way analyses of variance 
(ANOVA) for field data to assess whether there were differences in Tcrit values 
among sites and seasons. Site and season were set as fixed effects, while species 
and replicates (tree individuals) were included in the random term. For ANOVAs 
assessing the effect of season within individual sites, season and species were set 
as fixed effects, with replicates included in the random term.  
For the glasshouse study, a split-block design ANOVA was used for the 
glasshouse stage 1 experiment to test for differences in Tcrit among species from 
different origins. For the Stage 2 experiment, a two-way ANOVA was used to 
compare differences in Tcrit and each FA composition among species from 
different origins and between the two temperature treatments. Again, A. anuera 
from NT was not included in data analysis in this study considering this study 
does not look at effects within species.  Statistics were performed using GenStat 
(16th edition SP1). 
Pearson correlations were used to quantify correlations between paired variables 
(trait-to-trait or trait-to-climate). Linear regressions were performed to assess 
relationships between Tcrit and FA species composition. Stepwise linear regression 
was performed to assess relationships between Tcrit and climate variables and/or 
leaf traits, and relationships between FA composition and climate variables. 
3.4 Results 
3.4.1 Seasonal acclimation 
A linear mixed model ANOVA revealed that there were significant differences 
both among sites and seasons when assessing variability in high temperature 
tolerance of photosynthesis (i.e. Tcrit) values. There was also a significant 
interaction between site and season (Table 3.1). Because of this, seasonal 
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variations in Tcrit were analysed separately for each site (Table S3.1, Fig. 3.1). 
This analysis showed seasonal differences in Tcrit that were significant for four of 
the five sites that were visited twice [RC_FNQ, AM_NT, GWW_WA and 
CP_NSW (Table S3.1)], with PHT being higher in the warmer season. There was 
no significant variation in Tcrit at the most southernly site (WAR_TAS). 
Importantly, significant differences in Tcrit were also found among species (P < 
0.001) at all sites except RC_FNQ (Table S3.1). 
Table 3.1 Seasonal variations of Tcrit and linear mixed model ANOVA results for five sites where 
measurements were made in both seasons in the field study (note: Tcrit of CT site was only quantified 
in one season). For the two tropical rainforest sites, seasons are distinguished more by variations in 
rainfall than temperature. Thus, wet and dry seasons are used, with the wet season being slightly 
warmer than the dry season. ‘Acclimation degree’ was calculated as the seasonal change in Tcrit 
using species mean values, expressed per 1.0 °C change in the mean maximum temperature (MMT) 
of the 30 days prior to the date of measurement. Values shown are the site/season mean (standard 
error, number of observations), with means of each site/season combination calculated using species 
mean values.  
Site Summer or Wet Winter or Dry Acclimation degree 
CT_FNQ 48.35 (0.58, 43) - - 
RC_FNQ 49.17 (0.28, 55) 46.79 (0.53, 24) 0.51 (0.13, 11) 
AM_NT 50.11 (1.56, 10) 46.82(1.07, 21) 0.22 (0.08, 5) 
GWW_WA 50.58 (0.58, 25) 46.01 (0.67, 40) 0.52 (0.09, 15) 
CP_NSW 47.42 (0.41, 51) 44.97 (0.57, 53) 0.20 (0.06, 11) 
WAR_TAS 44.55 (0.67, 15) 44.01 (0.66, 34) 0.04 (0.02, 8) 
Average 48.52 (0.34, 199)  45.71 ± (0.32, 172) 0.34 (0.05, 50) 
Source of variation (Linear mixed ANOVA)  
 F P  
Site 10.9 < 0.001  
Season 111.47 < 0.001  
Site×Season 6.84 < 0.001  
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Figure 3.1 Variations of field measured Tcrit between two seasons (a) and the linear relationship (b) 
between Tcrit and mean maximum temperature (MMT) of 30 days prior to the date of measurements 
(PDM). (a) Data shown for six sites distributed across the Australian continent: CT_FNQ, Cape 
Tribulation in tropical wet forest Far North Queensland; RC_FNQ, Robson Creek in tropical wet 
forest Far North Queensland; AM_NT, Alice Mulga in an arid woodland of Northern Territory; 
GWW_WA, Greater Western Woodland in semi-arid woodland, Western Australia; CP_NSW, 
Cumberland Plain in temperate woodland of New South Wales; WAR_TAS, Warra in a cool-
temperate wet forest in Tasmania. For all sites other than CT_FNQ, measurements were made in 
the cool and warm seasons. (b) Linear models found the slope and intercept of the fitted regression 
line under two seasons did not differ. Thus, only one regression was used by combining data from 
both seasons. Details of the statistical analysis can be found in Table S3.3. 
Based on measurements made at a single time point during the year (mostly in the 
warmest season), a recent global survey reported a positive linear relationship 
between Tcrit and mean maximum T of the warmest month (Crous et al. 2017). 
The current study shows that those patterns hold when including measurements 
made in cooler seasons. By using mean maximum temperature (MMT) of 30 days 
prior to date of measurement (PDM) as a measure of recent thermal history, a 
similar linear pattern was found (Fig. 3.1). Again, 30 days PDM as this period is 
likely to be sufficient for full acclimation for leaf metabolic processes 
(Cunningham & Read 2003; Reich et al. 2016). In addition, we also tested linear 
models using a continuous series of number of days ranging from 1 day to 30 
days; we found similar significance (P < 0.001) with only 0.015 differences in R 
square value. Using this approach, I found that Tcrit increased 0.28 °C per 1.0 °C 
rise in MMT of 30 days PDM (R2 = 0.364, P < 0.001) (Fig. 3.1, Table S3.3). No 
association was found between Tcrit and precipitation (PPT) of 30 days PDM (R = 
0.169, P = 0.075). PCA analysis was also used to investigate relationships 
between climate factors (mean T of 30 days PDM, PPT of 30 days PDM), LMA, 
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Nm, Pm and R25a, R25m, R25n and Tmax, The first and second component could 
explain 27.84% and 20.86% of the variations respectively and neither of the 
component could explain the variations of  R25a, R25m, R25n but showed 
distributions patterns of Tmax. 
On average, GWW_WA and RC_FNQ exhibited the highest seasonal variations 
in Tcrit (increasing 0.52 °C and 0.51 °C per 1.0 °C rise in mean maximum T of the 
previous 30 days), while WAR_TAS showed nearly no seasonal variation 
(0.04 °C per 1.0 °C); the remaining two sites showed similar seasonal acclimation 
adjustments (~ 0.2 °C per 1.0 °C). Across all five sites where seasons were 
compared, the average acclimation in Tcrit was 0.34 °C per 1.0 °C rise in MMT of 
30 days PDM (Table 3.1).  
3.4.2 Controlled environment study  
In Stage 1 of the glasshouse study, all plants were subject to only one temperature 
treatment (25/20 °C day/night) and 25 species were surveyed for inherent 
differences in Tcrit. I found significant differences of Tcrit among plant origins (i.e. 
provenance) were found (Table S3.2). The highest Tcrit values were found in 
plants sourced from tropical Queensland (FNQ) and semi-arid regions of Western 
Australia (WA), with plants from temperate ecosystems of Tasmania exhibiting 
the lowest Tcrit values. For plants grown under a single benign temperature regime 
(25/20 °C), a positive linear relationship was also found between Tcrit and annual 
mean maximum temperature (AMMT) of plant origins, with high temperature 
tolerance being greatest in plants sourced from the hottest sites. Overall, there was 
~0.17 °C increase in Tcrit per 1.0 °C increase in AMMT of plant origins for Stage 
1 data (Table S3.3), with Tcrit being 2.3 °C higher in plants from warm-tropical 
FNQ than plants sourced from cool-temperate regions of TAS. Thus, the results 
of Stage 1 suggest that high temperature tolerance of photosynthesis is indeed 
inherently higher in plants adapted to hotter sites than their cold-adapted 
counterparts.   
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Figure 3.2 Response of Tcrit of to two growth temperature treatments (20 °C day /15 °C night and 
30 °C day /25 °C night)  in plants from different origins grown in Stage 2 of the glasshouse study. 
Origins are ordered from warm to cool biomes. FNQ represents tropical rainforest, WA for 
Mediterranean woodland, NSW for temperate forest and TAS for temperate rainforest. 
 
Figure 3.3 Relationships between high temperature tolerance of photosynthesis (Tcrit) and annual 
mean maximum temperature (AMMT) of each plant species (i.e. provenance, A. aneura from NT is 
showing in gray colour and was not included in data analysis). Points show species means and 
different colours represent different growth temperature treatments: 25/20°C (day/night) in the 
glasshouse Stage 1 experiment (Stage1_25); 20/15°C (Stage2_20) and 30/25°C (Stage2_30) in the 
Stage 2 experiment. Models found the slope under three temperature treatments did not differ but 
intercept differed. Lines show linear regressions of Tcrit and AMMT for plants grown under three 
common temperatures. Details of linear regressions can be found in Table S3.3. 
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In Stage 2, I assessed the impact of colder (20/15 °C) and warmer (30/25 °C) 
growth temperatures on Tcrit. Leaves from all origins showed consistently and 
significantly higher Tcrit when developed under daytime temperatures of 30 °C 
than when developed at 20 °C (Table 3.2). With the exception of two species (N. 
cunninghamii from TAS and A. hemiteles from WA), all species exhibited higher 
Tcrit when grown at 30 °C than 20 °C (Fig. 3.2). As was the case in Stage 1 where 
leaves developed at 25 °C, in Stage 2, species from warm-climate origins also 
showed higher Tcrit than species from cool-climates when grown at 30 °C than 
20 °C (F = 13.72, P < 0.001; Table 3.2). Moreover, there were significant positive 
linear relationships between Tcrit and origin AMMT (Table S3.3, Fig. 3.3). No 
significant correlation was found between Tcrit and annual precipitation of species 
origins (R = -0.130, P = 0.290), suggesting that variations in inherent Tcrit are not 
linked to annual precipitation of a species origin. 
Table 3.2 Two-way ANOVA for impact of growth temperature (20: 20/15 °C; 30: 30/25 °C) and 
species origin on high temperature tolerance of photosynthesis (Tcrit), and fatty acid composition: 
C16:0, C16:1, C18:0, C18:1, C18:2, C18:3, Total saturated FA (SAT) and Double bond index (DBI) 
- expressed as a percentage of total FA content of plants sourced from four regions across Australia. 
  Origin Treatment Origin × Treatment 
  F P F P F P 
Tcrit  13.03 < 0.001 46.25 < 0.001 0.39 0.76 
C16:0 19.17 < 0.001 4.67 0.033 0.2 0.894 
C16:1 4.34 0.006 0.32 0.572 0.42 0.741 
C18:0 9.91 < 0.001 7.44 0.001 0.09 0.965 
C18:1 4.12 0.008 5.56 0.002 0.69 0.563 
C18:2 21.6 < 0.001 2.95 0.089 2.84 0.041 
C18:3 13.28 < 0.001 0.49 0.486 1.3 0.279 
SAT 2.71 0.048 1.25 0.266 0.39 0.761 
DBI 6.03 < 0.001 1.41 0.237 0.44 0.728 
Combining Stage 1 and 2 of the glasshouse experiment, Tcrit showed an overall 
0.15 °C increase per 1.0 °C increase of AMMT of each genotype’s origin (Fig. 
3.3), suggesting that adaptation to warmer sites is linked to inherently higher PHT. 
For Stage 2, compared at the origin-mean level, species from NSW exhibited the 
highest degree of acclimation (0.34 °C per 1.0 °C, Fig. 3.2) while species from 
other origins, including the thermally stable tropical wet forest region, showed 
acclimation degree of 0.20–0.22 °C (Fig. 3.2) higher Tcrit per 1.0 °C higher growth 
temperature. Individual species from all origins exhibited acclimation ability 
greater than 0.30 °C per 1.0 °C increase in growth temperature in some cases, 
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whereas others exhibited acclimation less than 0.1 °C per 1.0 °C, suggesting large 
variation in acclimation potential. Interestingly, some species showed similar 
degrees of acclimation in the field and in the glasshouse (e.g. E. lucida, N. 
cunninghamii, P. elegans), while others exhibited higher (e.g. A. parramattensis, 
A. burkitii, A. hemiteles, E. fibrosa) or lower (e.g. A. melanoxylon, M. squarrosa, 
P. apetala) acclimation in the field than in the glasshouse. Thus, in addition to 
Tcrit values differing markedly among co-existing species at each field site, the 
ability of each genotype to thermally acclimate was highly variable. A linear 
mixed ANOVA (with site of origin as a fixed term and species as a random term) 
showed no significant differences in acclimation capacity among origins (F = 
0.81, P = 0.507).  
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Figure 3.4 Relationships between fatty acid composition and annual mean maximum temperature 
(AMMT) of the origin (i.e. provenance) of individual species (A. aneura from NT is showing in 
gray colour and was not included in data analysis) for plants grown in Stage 2 experiments, either 
at temperature treatment 20°C day /15°C night (blue, square) or 30°C day /25°C night (red, triangle) 
day time temperature. Panels show the percentage of total fatty acid (FA) composition present as (a) 
C16:0, (b) C18:2. Models found the slope and intercept under two temperature treatments did not 
differ. Thus, only one regression was used by combining data from both treatments. The relationship 
between Tcrit and FA composition (composition of all individual FAs) was investigated by 
performing stepwise regressions (see main text in result section). All regressions were performed 
using species mean data. 
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A previous global survey across seven biomes suggested no relationship between 
Tcrit and LMA, foliar concentrations of Nm or Pm (O'Sullivan et al. 2017). Similar 
results were found in the current study (LMA, Nm and Pm data were presented in 
Chapter 2). To investigate whether other traits might contribute to the variations 
in Tcrit, membrane FA composition was quantified in the Stage 2 grown plants. 
Fatty acids detected in all plant species were: C16:0, C16:1, C18:0, C18:1, C18:2, 
C18:3. FAs with high abundance were C18:3 (~ 50% of the total), C18:2 (~ 17%), 
and C16:0 (~ 15%). Pearson correlations revealed significant correlations between 
Tcrit and the percentage of C16:0 (R = 0.332, P < 0.001), C16:1 (R = 0.-0.246, P = 
0. 0.009), C18:1 (R = 0.355, P < 0.001), C18:3 (R = -0.368, P < 0.001), SAT (R = 
0.276, P = 0.004) and DBI (R = -0.373, P < 0.001). The relative abundance of the 
saturated FA C16:0 and the unsaturated FAs C18:2 and C18:3 differed 
significantly among the four origins from which the species were sourced (P < 
0.001) and exhibited significant linear relationships with AMMT of plant origins 
(Fig. 3.4, Table 3.2). Relative abundance of two saturated FAs, C16:0 and C18:0, 
and the mono-unsaturated FA C18:1 were generally higher in plants acclimated to 
the warmer growth temperature of 30 °C than in plants acclimated to 20°C (Fig. 
3.5, Table 3.2). Thus, C16:0 was not only more abundant in warm-adapted 
species – it also increased when individual plants were grown under warmer 
conditions. Interestingly, C18:3 which is the most abundant FA in membrane and 
is generally thought to be more abundant in plants from cooler growth conditions 
(Murakami et al. 2000; Larkindale & Huang 2004), did not exhibit consistently 
lower abundance when plants were grown at 30 °C (compared to 20 °C grown 
plants). Therefore, there was an overall pattern of both acclimation and inherent 
differences in FA composition. Some classes of FAs (e.g. C16:0, C18:0 and 
C18:1) showed consistent adjustments from cool to warm growth conditions.  
Plants from the warmest origins (FNQ and WA) in which some classes of FAs 
(e.g. C16:0) exhibiting inherently higher composition than their cool-adapted 
counterparts, when grown under common conditions in the glasshouse.  
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Figure 3.5 The responses of fatty acid (FA) composition (%) including total saturated fatty acid 
(SAT) and double bond index (DBI) to two temperature treatments (20 °C day /15 °C night and 
30 °C day /25 °C night) in plants from different origins grown in Stage 2 of the glasshouse study. 
Origins are ordered from warm to cool biomes. FNQ represents tropical rainforest, WA for 
Mediterranean woodland, NSW for temperate forest and TAS for temperate rainforest. 
To assess whether FAs could be used to predict variations in Tcrit, a stepwise 
regression approach was used by inputs of composition of C16:0, C16:1, C18:0, 
C18:1, C18:2 and C18:3, and a combination of forward and backward selection 
within the stepwise approach, the best equation was: Tcrit = 46.583 + 
(0.865*C18:0) + (0.289*C18:1) – (0.080*C18:3) (R2 = 0.385, P = 0.001). Thus, 
the relative abundance of both saturated and unsaturated FAs accounts for ~ 40% 
of the variation in high temperature tolerance of photosynthesis. 
3.5 Discussion 
This study assessed the component of plasticity and evolutionary adaptation in 
photosynthetic heat tolerance (PHT) in native vegetation by combing both field 
survey and controlled environment study. This study also investigated whether 
variations in PHT (as quantified by Tcrit measurements) are linked to variations in 
the composition of membrane fatty acids. My results provide strong support for 
hypothesis 1, showing that photosynthetic heat tolerance varied seasonally in the 
field, and is capable of acclimating to sustained changes in growth temperatures 
under controlled environment conditions. The controlled environment study also 
provided strong evidence of inherent differences in Tcrit (hypothesis 2), with PHT 
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being inherently higher in species adapted to hot- environments compared to their 
cooler-adapted counterparts. Importantly, I found no evidence that variations in 
PHT in the field or controlled environment were linked to precipitation at each 
species origin. Such findings suggest that evolutionary adaptation history and 
plastic responses to the contemporary thermal environment both contribute to 
global patterns in PHT (Crous et al. 2017), and that the lipid composition of 
cellular membranes (hypothesis 3) is a crucial factor determining the level of PHT 
observed in nature.  
3.5.1 Acclimation of photosynthetic heat tolerance across biomes 
In this study I extended the surveys on spatial and temporal patterns of PHT to 
wider and more biomes and broader species than has been previously studied. 
This study revealed that Tcrit acclimated in a consistent manner to both seasonal 
temperature variations and to sustained changes in the glasshouse, suggesting Tcrit 
is highly thermally regulated. Given the mounting evidence that Tcrit acclimates to 
growth temperature, I also need to consider the upper thermal limits of 
acclimation process – that is, what is the maximum temperature that 
photosynthetic metabolism can cope with in nature? In this study, I surveyed Tcrit 
values in field-grown plants growing at some of the hottest and driest sites in 
Australia, with summer maximum air temperatures near 40 °C in the period 
before measurements at three of the six sites. Under these heat-wave and dry 
conditions, where adaptive and acclimation dependent changes would be expected 
to maximise heat tolerance, Tcrit rarely exceeded 55 °C, with most species 
exhibiting maximum Tcrit values near 50 °C. Two other studies on Australian 
desert plant species during summer (Curtis et al. 2014; Curtis et al. 2016) also 
found the highest thermal tolerance indicated by T50 of photosynthetic efficiency 
(50% decline in Fv/Fm) was below 55 °C. Similar results were also reported in 
studies of 35 desert species of PHT in the USA (Downton et al. 1984) and 24 
savanna woody species in China (Zhang et al. 2012). Moreover, Krause et al. 
(2010) found that for two late successional tropical tree species, the upper thermal 
limit of T50 was between 50 and 52 °C, while in this study Tcrit of the tropical 
species rarely exceeded 50 °C. In the global survey, only a few species in the 
tropical rainforests of Peru exceeded this range (Crous et al. 2017). Thus, the 
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available evidence strongly suggests that 50-55 °C is the upper limit by which 
acclimation/adaptation can increase heat tolerance of photosynthetic light 
reactions. If true, this suggests that even in species that can rapidly acclimate and 
which have inherent traits that maximize heat tolerance, leaf temperatures greater 
than 55 °C may be lethal to the processes that control carbon uptake, and thus 
growth. This finding has particular relevance for predictions of how future heat 
waves will impact on the functioning of high temperature ecosystems around the 
world. Further work is needed to establish if the upper limit differs among plants 
adapted to thermally contrasting environments and how quickly heat tolerance 
near the upper limit can be achieved. Future work is also needed to determine 
what factors control the upper limit of Photosystem II.   
3.5.2 Inherent differences of photosynthetic heat tolerance across biomes 
The results in this chapter suggest that inherent differences of PHT may contribute 
about one third of variation in the global patterns (Crous et al. 2017). In the study 
of O’ Sullivan et al. (2017), Tcrit increased 0.38 °C per °C rise in the mean 
maximum temperature of the warmest month (MTWM) of the growth 
environment. In Stage 1 of glasshouse experiment, I found that Tcrit varied among 
species adapted to thermally contrasting biomes, rising 0.15 °C per °C in MTWM 
of origin. Thus, PSII is inherently more heat tolerant in species adapted to hot 
biomes.  
The finding of inherent differences in this study was not based solely on 
measurements of Tcrit but also by quantification of membrane lipid composition, 
with the results supporting the hypothesis of ‘membrane adaptation’ (Hochachka 
& Somero 2002) whereby species adapted to hot biomes through genetic 
modifications resulted in high saturated FAs (e.g. C16:0) to maintain higher 
membrane stability when leaves are hot. Such changes, while beneficial in hot 
climates, could however result in a penalty in cold biomes if membranes are too 
rigid. Other biochemical adaptations that increase protein heat stability or lead to 
the accumulation of thermoprotectant osmolytes (Hochachka & Somero 2002) 
might also play a role in increasing inherent heat tolerance of species adapted to 
hot climates. 
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3.5.3 Role of membrane lipid composition 
The results suggest that adjustments of membrane lipid composition not only 
influence thermal acclimation of Tcrit but also impacts on inherent differences in 
this trait. All the three major FA (C16:0, C18:2, C18:3) in the analysis showed 
patterns consistent with adaptation to the original habitats, with C18:2 exhibiting 
the strongest relationships with origins’ long-term thermal history (Fig. 3.4). 
Given this observations, I suggest that the major FAs contributing to inherent 
differences in membrane properties for these natural ecosystem species are C16:0 
and C18:2, rather than C18:3 which has been studied extensively in model plants 
(Kodama et al. 1994; Murakami et al. 2000; Routaboul et al. 2000; Routaboul et 
al. 2012). Note that differences in FA composition under the two temperature 
conditions might also contribute to the acclimation of Tmax found in previous 
chapter.  
The large variations of Tcrit among co-existing species at individual sites in the 
global survey could not be adequately explained by leaf structure (i.e. LMA) or 
chemistry (i.e. Nm and Pm) (Crous et al. 2017). The current study, building on that 
earlier work by assessing seasonal variations in Tcrit at each site, also found high 
variability in Tcrit among species, both in the field and in the glasshouse study. By 
investigating membrane lipid composition, I found that ~ 40% of the variation in 
Tcrit of the glasshouse grown plants could be explained by FA composition alone. 
Hence, much of the variability in Tcrit among species in the field is likely to be due 
to inherent differences in membrane lipid composition. Importantly, other factors 
accounting for the remaining variation in Tcrit among species is still unknown. 
Here, studies on heat shock proteins (HSPs), osmolytes adjustments and volatile 
organic compounds are likely to be informative (Vierling 1991; McNeil et al. 
1999; Jiang & Huang 2001; Sharkey et al. 2001; Hochachka & Somero 2002; 
Velikova et al. 2011; Rasulov et al. 2015). 
3.5.4 Ecosystem significance 
Photosynthetic heat tolerance, quantified as Tcrit, reflects the high temperature 
threshold above which normal functions of Photosystem II are severely disrupted. 
Exceeding Tcrit can, therefore, result in loss of carbon uptake, with negative 
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effects on ecosystem vegetation production and carbon dynamics (Teskey et al. 
2015). The present study has provided strong evidence of the ability of PHT of 
species from a wide range of habitats to acclimate to seasonal changes of 
temperature in the field and also the capacity to acclimate to sustained changes of 
temperature in controlled environment conditions. This acclimation ability is 
likely to lower the risks of future warming on carbon gain in the future, provided 
that sustained leaf temperatures remain below the upper limit of that acclimation. 
Above this threshold, climate warming may finally cause significant negative 
effects on plant performance, leading to long-term changes in ecosystem function 
and species composition. Given that tropical and mid-latitude forests and 
woodlands are likely to approach to the boundary of upper thermal limits due to 
differential climate warming (Doughty & Goulden 2008; Crous et al. 2017), it 
seems likely that negative effects of heat waves will be seen in those ecosystems 
first.  
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CHAPTER 4  
Dynamic adjustment in heat tolerance in a tropical 
tree species corresponds with dynamic changes in 
heat shock proteins and lipid composition   
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4.1 Abstract 
Heat waves are becoming more intense, frequent and longer in duration in many 
biomes, including tropical rainforests. The response of forest trees to heat stress 
and the underlying mechanisms of heat tolerance remains unknown. In the last 
chapter, I found the heat resistance in photosystem II (PSII) was highly thermally 
regulated. This chapter focuses on a tropical rainforest tree species, Polyscias 
elegans. Plants were initially exposed to five days of heat stress (40/35 °C, 
day/night) in a temperature-controlled glasshouse, and then returned to 25/20 °C 
for another 13 days. Time series changes in leaf heat tolerance were quantified, 
along with the abundance of two high molecular weight heat shock proteins 
(HSPs; HSP70, HSP90), two small HSPs (cytosolic class I HSP17.6, cytosolic 
class II HSP17.7),  and membrane fatty acid composition. Leaf heat tolerance was 
assessed via quantifying the critical temperature at which minimal chlorophyll 
fluorescence increases (Tcrit) in PSII; HSPs were quantified by Western blot 
analysis. Tcrit increased rapidly within two hours of heat stress, rising from 
48.0 °C to 52.2 °C, and remained above 50 °C throughout the 5-day period of heat 
stress. By contrast, it took two days for leaf heat tolerance to return to original 
levels after plants were returned to the lower growth temperature. Dynamic 
adjustments in Tcrit to heat stress and post-stress treatments were correlated with 
dynamic changes in HSP abundance, especially HSP70 and HSP90. Increases in 
Tcrit were also related to increases in the degree of saturation of membrane fatty 
acids. HSPs exhibited faster responses to heat stress than fatty acid composition. 
The findings suggest tropical rainforest trees can rapidly acclimate to heat stress 
and that dynamic changes in HSPs and membrane physical properties may play 
critical roles in protecting tropical leaf energy metabolism during heat waves. 
4.2 Introduction  
Heat waves have been recorded with increasing frequency, intensity and duration 
in recent decades, with the trend likely to continue (Meehl & Tebaldi 2004; IPCC 
2012; Cowan et al. 2014). Heat waves could have severe negative impacts on 
forest production, resulting in less carbon uptake and alteration in forest species 
diversity (Ciais et al. 2005; Allen et al. 2010; Lewis & King 2015; Teskey et al. 
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2015). Acquisition of heat tolerance is therefore critical for forest plants to 
maintain normal biological functions. The impact of heat stress on tropical forests 
is particularly important, as tropical biomes contribute greatly to global terrestrial 
carbon fluxes (Pan et al. 2011). Importantly, tropical regions are facing high 
severity of heat waves under both current and future scenarios (Doughty & 
Goulden 2008; Corlett 2011). However, the response of tropical forest species to 
heat stress and mechanisms underpinning heat tolerance responses remain largely 
unknown, although the emphasis on understanding their heat stress response is 
gaining momentum (Bassow et al. 1994; Ameye et al. 2012; Bauweraerts et al. 
2013; Krause et al. 2013; Krause et al. 2015; Teskey et al. 2015). 
Heat stress typically leads to cellular membrane lysis and protein degradation, 
along with the disruption of important metabolic processes such as photosynthesis 
and respiration (Hüve et al. 2011; O'Sullivan et al. 2013; Teskey et al. 2015). In 
nature, physiological adjustment to environmental disturbances is important, 
especially for upper canopies of forests exposed to large fluctuations in light, 
wind speed and temperature. While previous studies have described the 
acquisition of heat tolerance from molecular or biochemical level (Sung et al. 
2003; Mittler et al. 2012), the mechanistic basis of dynamic variations in 
physiologically acquired heat tolerance for processes such as photosynthesis 
remains unclear. Two key components of photosynthesis have been identified as 
highly susceptible to initial exposure to heat stress. Firstly, the active state of 
Rubisco declines with increasing heat stress, attributed to a decline in the activity 
of Rubisco’s regulatory partner protein, Rubisco activase (Allakhverdiev et al. 
2008; Takahashi & Badger 2011). Secondly, photosystem II (PSII) is heat 
sensitive, with heat stress resulting in the unfolding of protein complexes and loss 
of manganese from the oxygen-evolving complex (Schreiber & Berry 1977; 
Enami et al. 1994). 
Exposure to severe heat stress results in irreversible damages of photosynthetic 
capacity with significant changes in chlorophyll fluorescence characteristics. A 
rapid and commonly used method to quantify leaf heat tolerance is to measure the 
critical temperature (Tcrit) at which minimal chlorophyll a fluorescence (Fo) 
increases sharply as leaves are heated (Schreiber & Bilger 1987). Tcrit reflects the 
high temperature threshold at which damage and severe limitations on 
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photosynthesis occur. At a few degrees higher than Tcrit, leaf necrosis occurs, with 
the necrosis-temperature being positively correlated with Tcrit (Bilger et al. 1984). 
Hence, Tcrit was then used to compare leaf heat tolerance, replacing the necrosis 
method (Sachs 1864; Lange 1965). 
The onset of heat stress can be rapid and dynamic in natural environments. When 
challenged with dynamic shifts in ambient temperature, plants require 
corresponding dynamic shifts in protective mechanisms to limit the detrimental 
effects of heat on physiological processes. In one glasshouse study, transferring 
detached leaves of potato plants from 25 °C to 35 °C resulted in Tcrit increasing 
within ~20 min; thereafter, it took more than 24 hours for Tcrit to return to original 
levels when transferred back to 25 °C after two hours of heat stress (Havaux 
1993). This appears to be the only study that has investigated short-term 
responses (i.e. < 1 h) of leaf tolerance to heat stress. In another study, 
photosynthetic heat tolerance of oak seedlings increased by ~3 °C after 36 hours 
of heat stress when seedlings were shifted from 25 °C to 40 °C (Ghouil et al. 
2003). To my knowledge, no study has investigated the speed at which heat 
tolerance can be acquired in tropical species, or what underlying mechanisms are 
responsible for acquired heat tolerance in tropical trees. 
Plants acquire thermal tolerance through pathways such as accumulation of 
osmotic solutes, antioxidants, stress proteins, and adjustments of lipid 
compositions (Sung et al. 2003; Mittler et al. 2012). Among these processes, the 
induction of heat shock proteins (HSPs) and adjustment of membrane fatty acid 
(FA) composition are two of the most common and important processes (Vierling 
1991; Los & Murata 2004; Wahid et al. 2007). Heat shock proteins are studied in 
a wide range of organisms (bacteria, animals, human, plants etc.) and are induced 
by a range of environmentally challenging conditions, including heat stress 
(Lindquist & Craig 1988; Vierling 1991; Wang et al. 2004). HSPs work as 
molecular chaperones to assist protein refolding under stress conditions. 
Transcriptional and post-transcriptional changes in HSPs have been studied 
extensively in model and crop species, such as Arabidopsis, tobacco, pea and 
maize (see reviews by (Kimpel & Key 1985a; Sung et al. 2003; Wang et al. 2004; 
Mittler et al. 2012)). However, less is known in non-model plants; this includes 
forest trees, which represent a major component of terrestrial vegetation. For 
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example, in a review of published literature, I could only find 10 studies assessing 
mechanisms of heat tolerance in non-model plant systems (Downs et al. 1998; 
Heckathorn et al. 1998; Knight & Ackerly 2001; Heckathorn et al. 2002; Barua et 
al. 2003; Knight & Ackerly 2003; Barua & Heckathorn 2006; Barua et al. 2008; 
Korotaeva et al. 2011), with none focussing on tropical trees.  
Expression of HSPs has been shown to be critical for the heat shock response. For 
example, Arabidopsis plants deficient in expression of HSPs exhibited lower 
seedling survival rate or less hypocotyl elongation after heat stress (Hong & 
Vierling 2000; Queitsch et al. 2000; Yamada et al. 2007; Su & Li 2008). 
Induction of HSPs is often rapid (within hours of heat stress) and transient, with 
the magnitude of induction increasing with increasing leaf temperature. For 
example, HSPs can be induced by 10 mins of heat stress followed by two hours of 
normal temperature (Lin et al. 1984). In growth chamber experiments, HSP21, 
HSP18.1 and HSP17.9 were induced within a few hours of heat treatment in pea 
leaves; upon return to lower temperature treatments, the half-life of these HSPs 
was ca. two days (Chen et al. 1990; DeRocher et al. 1991). Field-grown cotton 
and soybeans exhibited increases of HSPs or HSP mRNAs when canopy or air 
temperatures exceeded 40°C (Burke et al. 1985; Kimpel & Key 1985b). These 
studies indicate that the induction of HSPs at the transcriptional level (mRNA) is 
near immediate both in laboratories and the field, whereas it takes longer periods 
(hours) for HSPs to accumulate and play a protective role (Howarth 1991). What 
is less clear, however, is whether HSPs can be rapidly induced in tropical trees 
exposed to heat stress, and whether acquisition of physiological heat tolerance of 
tropical trees occurs in synchrony with HSPs accumulation.  
Being a natural physical protection barrier for cells and also the location of many 
important proteins, membranes need to remain stable for plants to maintain 
normal cell functions. Membrane fluidity state is extremely responsive to 
temperature changes (Los & Murata 2004). Over longer time scales (days to 
weeks), heat-treated membranes often increase the level of FA saturation to avoid 
excessive fluidity. In model or crop plants (i.e. Arabidopsis, tobacco, soybean 
etc.), mutants deficient in FA unsaturation resulted in higher thermal tolerance 
(Hugly et al. 1989; Murakami et al. 2000; Alfonso et al. 2001). In creeping 
bentgrass, exposure to heat stress resulted in an increase in saturated fatty acids 
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such as C16:0 and decrease of highly unsaturated FA C18:3 (Larkindale & Huang 
2004). Thus, FAs appear to play important roles in regulating the thermal 
responses of plants. Importantly, little is known about whether these highly 
regulated adjustments of FA composition are linked to acquired heat tolerance 
and HSPs accumulation when plants are challenged with high temperature stress. 
This represents a key gap in understanding of the dynamic tuning roles of HSPs 
and lipid physical properties, not only in laboratory conditions, but more 
importantly, in nature. 
Tropical rainforests are exposed to consistently high mean daily temperatures, and 
can experience heat wave conditions. Recent studies have reported that tropical 
rainforests have a lower thermal safety margin (i.e. difference between high 
temperatures experienced and the maximum heat tolerance of leaves) than their 
non-tropical temperate counterparts (O'Sullivan et al. 2017). This study used a 
tropical rainforest tree species, Polyscias elegans, from the far north east region 
of Australia to study the acclimation of heat tolerance to non-lethal heat stress, 
and the dynamics of heat tolerance under post-stress conditions. This is a light-
demanding species whose leaves typically occupy the upper canopy of tropical 
wet rainforests (Lusk et al. 2010). It grows in regions where mean annual 
temperatures are typically 20-25 °C. Importantly, in its natural setting, P. elegans 
does experience heat stress, with maximum daily temperatures of 39°C having 
been recorded at locations where P. elegans grows (temperature record from 
Bureau of Meteorology, Australia, http://www.bom.gov.au/climate/data/). 
Elsewhere across Australia, the number of record high-maximum temperatures 
has increased markedly in recent decades (Lewis & King 2015), with new high 
temperature records having been set in far north Queensland where P. elegans 
grows (Lewis & Karoly 2013). Cowan et al. (2014) projected that by the end of 
the 21st century, heat waves over far north Queensland are likely to be more 
frequent and be longer in duration, potentially lasting six days. I hypothesized 
that: 
(1) In this selected tropical tree species, leaf heat tolerance indicated as Tcrit would 
increase synchronously with the induction of HSPs within a few hours of heat 
treatment; Tcrit would decrease at a rate similar to that of the decrease in HSPs 
abundance during the post-stress stage, and the dynamic responses of leaf heat 
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tolerance would closely correspond with the changes in HSPs abundance. 
(2) Lipid saturation level would increase within days of heat stress then decrease 
back to the original level after a few days post-stress; as a result, the relationship 
between Tcrit and FA composition would not be as obvious as with HSPs 
abundance. 
4.3 Materials and methods 
4.3.1 Plant materials and experimental design  
A tropical rainforest tree species, Polyscias elegans was used in this study. 
Seedlings (~50 cm height) were purchased from a nursery (242 Nuruga Native 
Plant Nursery, Walkamin, Qld) and the provenance was Mount Molloy, Far North 
Queensland, Australia. Plants were grown in 25 L pots and watered daily to field 
capacity and nutrients were applied through a slow release fertilizer (Osmocote® 
OSEX34 EXACT standard slow-release fertiliser, Scotts Australia, BellVista, 
NSW). P. elegans is an umbrella-shape tree with ~10 pinnate compound leaves 
on one branch and five to nine leaflets on one compound leaf. Leaves are ca. 5 cm 
in length. It can grow up to 30 m tall. Plants were grown in a glasshouse at The 
Australian National University (Canberra, Australia) until about 2.5 m in height 
and one year old at which point all experiments were undertaken.   
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Figure 4.1 Schematic diagram of the treatments and time line for the heat treated plant group. All 
plants were first in temperature controlled glasshouse with a day-time temperature of 25 °C and 
night-time of 20 °C (25/20 °C) for more than three months. Heat treatment was conducted by 
moving plants to another adjacent temperature-controlled glasshouse with a day-time temperature 
of 40 °C and a night-time of 35 °C (40/35 °C). After five days’ stress treatment, plants were moved 
back to the previous glasshouse for recovery. For the two days with multiple hourly time points, the 
sampling time was between 8:00 am to 6:00 pm, while other samplings were done in the morning 
at 9:00 am. 16 sampling time points for this group of plants (see methods for details). 
 Seven plants were initially kept at 25 °C/20 °C day/night as the control treatment 
(CT). Four of those plants were moved to an adjacent high temperature treatment 
(HT) glasshouse and kept for five days at 40 °C/35 °C and then moved back to the 
CT glasshouse for a post-stress period. Three plants were kept in the CT 
glasshouse as controls. To capture the dynamic response of the 40 °C treatment, 
leaves were sampled at hourly (h) intervals on the first day of HT treatment and 
once per day for all subsequent days as follows: 1 h, 2 h, 4 h, 6 h, 8 h, 1 d, 2 d, 3 
d, 4 d, and 5 d (Fig. 4.1). As only four leaves could be measured for Tcrit 
determinations (using Fo-T curves) in one hour, CT plants were sampled in 
between the HT sampling times 
Leaves were only sampled from the most recently fully developed, upper 4-5 
branches of each tree (40-60 leaflets on each branch). Leaf temperatures on three 
individual leaflets of each tree were recorded at each sampling time point. Leaf 
discs (avoiding the middle vein) in one leaf of each tree were also sampled at each 
time point (different time points sampled on different leaves) and immediately 
frozen in liquid nitrogen and then stored at -80 °C for subsequent protein and fatty 
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acid analyses. One whole leaf from each tree was then sampled and kept in a 
moist bag in the dark before the measurements of the Fo-T curves. All sampling 
occurred in the daytime. For the two days with multiple hourly time points, the 
sampling time was between 8:00 am to 6:00 pm, while other days were done in 
the morning at 9:00 am. During the period of sampling, day length was about 14 h 
and the sunrise time was at ca. 6:00 am and sunset at ca. 8:00 pm. The transfer of 
plants from the CT to HT glasshouse and from the HT to CT glasshouse occurred 
3 h after sunrise at 9:00 am. The sampling for 0 h time point happened before the 
transfer. The first ten continuous measurement days were all cloudless with 
similar sunlight conditions. The proportion of sampled leaves was less than 5% of 
the total leaf number and leaf biomass for each tree.  
4.3.2 Temperature response of dark-adapted fluorescence 
The whole detached leaves sampled for temperature response of Fo were placed in 
a specially designed temperature controlled WALZ chamber (same chambers 
used in Chapter 2 and 3) and positioned flat with the adaxial surface facing up. A 
chlorophyll fluorescence imaging PAM (MAXI version, IMAGING-PAM M-
Series, WALZ, Germany) was paired with the WALZ chamber. The imaging 
PAM can capture spatial variations in fluorescence signals from leaf surfaces. For 
each leaf, two circled areas (1 cm diameter) at the middle area away from the 
middle vein were selected in the software to record fluorescence signal. The 
temperature in the chamber was initially set to 25 °C. A program was set to heat 
the WALZ chamber temperature from 25 °C to 60 °C at 1 °C per minute. Leaves 
were kept in the dark for 20-30 min prior to measurements. A continuous weak 
far-red measuring light was applied afterwards using the imaging PAM. Before 
the start of the heating program, one saturation pulse (720 ms width) was given 
from the imaging PAM to obtain variable fluorescence (Fv), maximal 
fluorescence (Fm), Fv/Fm ratios, and subsequent changes in Fo baseline values. 
After Fo returned to baseline levels, the heating program was started and Fo was 
recorded every 30 s. An internal thermocouple in the chamber was attached to the 
lower side of the leaf to record leaf temperature (Tleaf) every second. After the 
measurements, Tleaf and Fo were matched with each other based on recorded time. 
Two linear regression lines were fit through Fo values plotted against Tleaf with the 
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first linear region occurring when Fo was non-responsive to Tleaf and the second 
linear region occurring after a rapid rise in Fo values (Schreiber & Berry 1977; 
O'Sullivan et al. 2017). Tcrit was taken as the Tleaf value at which the two linear 
regressions lines intersected (refer to Fig. S3.1). 
4.3.3 Protein gel blot analysis 
Total soluble protein of leaves was extracted by thoroughly grinding frozen leaf 
disks using a mortar and pestle, and liquid N2 into an extraction buffer. The buffer 
contained 100 mM Tricine pH 8, 1 mM ethylenediaminetetraacetic acid (EDTA) 
pH 7, 1 mM phenylmethanesulfonyl fluoride solution (PMSF), 20 mM ascorbate, 
1X protease inhibitor cocktail, 5 mM dithiothreitol (DTT) and 2% w/v polyvinyl-
polypyrrolidone (PVPP). Solubilised leaf extract was collected in a 2mL 
microfuge tube on ice centrifuged for 10 min at 4°C and supernatant collected. 
Total protein concentrations were determined by staining with Coomassie-dye 
reagent (Pierce, USA) and using a series of BSA standards based on Bradford 
method (Bradford 1976). Proteins were denatured by adding extracted protein to 
LDS sample buffer (NuPAGE, USA) containing 10% DTT and heated to 95 °C 
for 10 min prior to polyacrylamide gel electrophoresis (SDS-PAGE). Based on 
measured protein concentration, equal amounts of protein were loaded in each 
well on 4–12% NuPage Bis-Tris polyacrylamide gels (Invitrogen, city, USA) and 
run at 200 V for 55 min.  
Samples were loaded in the same order as sampling time points from one tree. 
There were totally 21 time points for each HT plants and 16 time points for each 
CT plants. The 21/16 time-point sampling for each tree was loaded on two 
separate gels. A positive control, from a sample treated under 40/35 °C for three 
days (leaves collected from newly developed branches from current experiment) 
was loaded on each gel and protein levels were calculated using band signals 
relative to the positive control to standardise gel-to-gel variations. Thus, there 
were totally 7 trees × 2 gels × 4 HSPs = 56 gels. For each gel run, three or four 
wells were loaded with different amount of protein from the positive control to 
generate a loading control standard curve to ensure the band intensity from 
individual gel were linearly comparable with each other. The loading amount of 
total protein for HSP70 was 1 ug, 2 ug for HSP90, and 6 ug for CI HSP17.6 and 
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class CII HSP17.7. 
After SDS-PAGE separation, the proteins were transferred to a PVDF 
(polyvinylidene difluoride) membrane under 30V for 70 min (HSP90 and 
HSP70), or 1 h (CI HSP17.6, CII HSP17.7). For HSP90 and HSP70, transfer time 
was 70 min; for CI HSP17.6 and CII HSP17.7, transfer time was 1 h. After 
transfer, membranes were blocked in 5% skim milk in 1X TBST (tris-buffered 
saline + 0.1% Tween 20) for 1 h then rinsed in 1 X TBST 3 X 5 min. Membranes 
were then blocked in primary antibody for 1 h followed with 4 X 5 min 1X TBST 
washing. Primary antibodies used to detect HSPs had been generated against 
Arabidopsis thaliana antigens and were purchased from Agrisera (Umea, 
Sweden): HSP90 (AS08346, AT5G52640), HSP70 (AS08371, AT3G12580), CI 
HSP17.6 (AS07254, AT1G53540) and CII HSP17.7 (AS07255, AT5G12030) 
were used. Thereafter, membranes were blocked with secondary antibody goat 
anti-rabbit IgG (H&L) ALP conjugated (Agrisera) for 1 h and washed with 1X 
TBST 4 X 5 min before imaging. The Immunoreactive bands on membranes were 
visualized using AttoPhos (Promega) (Whitney et al. 2001) with Gel Doc XR+ 
system (Bio-Rad, USA). For all HSPs antibodies in this study, I have used wild-
type Arabidopsis thaliana (Col-0) as the reference to test the validity of these 
HSPs antibodies in this species (Fig. S4.1). Intensity of the bands was quantified 
using Image Lab Software 5.2.1 (Bio-Rad, USA). 
4.3.4 Fatty acid extraction and analysis 
The method of quantification of fatty acid composition was the same as in section 
3.3.4 (Chapter 3). 
4.3.5 Data analysis 
A linear mixed model ANOVA was performed to include treatment and time 
points as fixed effects, and individual plants as random effects, to look at the 
differences between treatments. There were four levels of treatment: 1) control 
#1, CT plants during the period when HT plants were moved to HT glasshouse, 
including the 0 h time point; 2) control #2, CT plants during the period when HT 
plants were returned to CT glasshouse from HT glasshouse; 3) 40 °C after 25 °C, 
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HT plants in HT glasshouse including the 0 h time point; and 4) 25 °C after 
40 °C, HT plants returned to CT glasshouse from HT glasshouse. Post hoc 
comparisons were performed based on Tukey's 95% confidence intervals to look 
at pairwise differences among the four treatments. One-way ANOVA was used to 
look at the differences between CT and HT plants at each time points when both 
HT and CT plants were measured. Significance comparison between HT and CT 
group plants at each sampling time points were based on the calculation of 95% 
confidence interval. Pearson correlations were performed using data from 
individual trees/replicates to assess correlations between Tcrit and each HSP 
species, composition of each FA species, and photosystem II efficiency (Fv/Fm). 
Linear regressions were performed to look at the relationships between Tcrit and 
each HSP species and FA composition. Stepwise linear regression was performed 
to select the best equation to look at how much variation in Tcrit could be 
explained by inputting both HSPs and FA composition. Statistical analysis was 
performed using GenStat (16th edition SP1) or R (R Development Core Team 
2013). 
4.4 Results  
4.4.1 Leaf temperatures and photosystem II efficiency 
Leaf temperatures of all CT plants remained close to 25 °C and Fv/Fm stayed 
above 0.80 (Fig. 4.2, Table 4.1). Once the HT plants were moved to the 40 °C 
glasshouse (40/35 °C, day/night), leaf temperatures increased within minutes 
close to 40 °C (data not shown). While Tleaf increased and remained close to 40 °C 
for the first 8 h, Fv/Fm decreased from 0.83 and reached the lowest level (0.69) 
after 4 h of transfer from CT to HT. Tleaf remained around 40 °C in the following 
days; Fv/Fm recovered to 0.79 after 3 d of HT treatment and remained at 0.79 until 
the end of the HT treatment. Upon transfer from HT back to the CT treatment, it 
took more than 5 d for Fv/Fm to recover the control values (Fig. 4.2, Table 4.2). 
During initial exposure from 25 °C (25/20°C, day/night) to 40°C (including the 0 
h time point when HT plants were in 25°C, same for below) and from 40 °C to 
25 °C, Fv/Fm values differed significantly from those of control plants (Table 4.1 
& 4.2 &Table S4.1). The changes in Fv/Fm largely tracked changes in Fm (Fig. 
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S4.2).  
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Table 4.1 Differences in leaf temperature (Tleaf), photosynthetic efficiency (Fv/Fm), leaf Tcrit), four 
HSPs (HSP90, HSP70, CI HSP17.6, CII HSP17.7) and composition of the main FAs (C16:0, C16:1, 
C16:3, C18:0, C18:1, C18:2, C18:3, Double bond index - DBI) among treatments: 1) control 1, CT 
plants during the period when HT plants were moved to HT glasshouse, including the 0h time point; 
2) control 2, CT plants during the period when HT plants were returned to CT glasshouse from HT 
glasshouse; 3) 40 °C after 25 °C, HT plants in HT glasshouse including the 0h time point; and 4) 
25 °C after 40 °C, HT plants returned to CT glasshouse from HT glasshouse. Post hoc comparisons 
based on Tukey's 95% confidence intervals were used. Pairwise significant differences are denoted 
by unshared letters. Values are showing mean (standard error, number of observations). Values of 
all HSPs are expressed as abundance relative to a consistent positive control. 
  Control 1 Control 2 40°C after 25°C  25°C after 40°C  
Tleaf (°C) 24.3 (0.2, 24)
a 24.2 (0.2, 24)a 38.4 (0.7, 44)b 25.1 (0.2, 40)a 
Fv/Fm 0.82 (0.00, 22)
b 0.81 (0.00, 23)b 0.77 (0.00, 41)a 0.78 (0.00, 36)a 
Tcrit (°C) 48.1 (0.1, 23)
a 48.0 (0.1, 20)a 51.1 (0.3, 42)c 49.0 (0.2, 40)b 
HSP90 0.26 (0.01, 24)
a 0.22 (0.01, 24)a 0.66 (0.03, 44)c 0.52 (0.02, 40)b 
HSP70 0.70 (0.01, 21)
a 0.63 (0.01, 21)a 0.81 (0.02, 44)b 0.65 (0.02, 39)a 
CI HSP17.6 0.33 (0.03, 24)
a 0.26 (0.03, 24)a 0.75 (0.04, 39)b 1.00 (0.04, 37)c 
CII HSP17.7 0.22 (0.01, 20)a 0.21 (0.02, 20)a 0.96 (0.05, 40)b 1.12 (0.07, 37)b 
C16:0 (%) 24.03 (0.22, 24)
a 24.17 (0.15, 24)a 27.37 (0.37, 44)b 27.59 (0.42, 40)b 
C16:1 (%) 1.60 (0.07, 24)
c 1.80 (0.05, 24)c 0.94 (0.03, 44)a 1.35 (0.06, 40)b 
C16:3 (%) 3.21 (0.22, 24)
b 3.48 (0.15, 24)b 2.15 (0.38, 44)a 2.00 (0.42, 40)a 
C18:0 (%) 1.86 (0.05, 24)
ab 1.80 (0.06, 24)ab 1.68 (0.05, 44)a 1.86 (0.03, 40)b 
C18:1 (%) 4.78 (0.11, 24)
a 4.66 (0.08, 24)a 4.41 (0.23, 44)b 7.11 (0.21, 40)a 
C18:2 (%) 15.42 (0.20, 24)
a 14.42 (0.33, 24)a 14.38 (0.28, 44)a 14.34 (0.34, 40)a 
C18:3 (%) 44.99 (0.37, 24)
b 44.93 (0.38, 24)b 45.54 (0.45, 44)b 41.68 (0.39, 40)a 
DBI 180 (1, 24)
b 180 (1, 23)b 177 (1, 44)b 168 (1, 40)a 
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Figure 4.2 Changes in leaf temperature (Tleaf, a) and photosynthetic efficiency (Fv/Fm , b) of one 
group of plants (n = 3) (solid line) always kept in 25 / 20 °C glasshouse (“25” in legend ) and another 
group of plants (n = 4) (dashed line) first in the 25 / 20 °C glasshouse then moved to 40 / 35 °C 
glasshouse (“40 after 25” in legend) for 5 days and then back to previous glasshouse (“25 after 40” 
in legend) for 13 days. 
 
Figure 4.3 Changes in leaf heat tolerance (Tcrit) of one group of plants (n = 3) (solid line) always 
kept in 25 / 20 °C glasshouse (‘25’ in legend ) and another group of plants (n = 4) (dashed line) first 
in the 25 / 20 °C glasshouse then moved to 40 / 35 °C glasshouse (‘40 after 25’ in legend) for 5 days 
and then back to previous glasshouse (‘25 after 40’ in legend) for 13 days. 
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4.4.2 Dynamic responses of Tcrit 
Previous studies used measurements of seedling survival and hypocotyl 
elongation after a few days to reflect effects of the induction of HSPs on plant 
heat tolerance (Hong & Vierling 2000; Queitsch et al. 2000; Yamada et al. 2007; 
Su & Li 2008). While this method has value, it cannot monitor dynamic responses 
of leaf physiology over fine temporal scales (e.g. in hours). Here, I used Tcrit as a 
physiological indicator for heat tolerance. Tcrit remained near 48 °C in the CT 
plants for the duration of the experiment (Table 4.1). For HT plants, Tcrit increased 
from 48.0 °C to 52.2 °C within 2 h upon exposure to 40 °C air temperature and 
stayed at this high level over the first day (Fig. 4.3, Table 4.2). In a separate 
experiment, after plants were exposed to 2 h of 40 °C treatment, leaves showed 
less visual damage than leaves from non-pre-stressed plants after they were all 
heated to 57 °C (Fig. S4.3), suggesting an increase in overall leaf heat tolerance 
within a short time along with the increase of Tcrit. Tcrit remained above 50 °C 
during the 40 °C exposure period and the first 2 h after returning to 25 °C period; 
thereafter, Tcrit declined with time, decreasing back to original levels after 2 d of 
return to 25 °C (Fig. 4.3 & Table 4).  
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Table 4.2 Significance comparison between HT and CT group plants for photosynthetic efficiency (Fv/Fm), Tcrit, four HSPs (HSP90, HSP70, CI HSP17.6, CII 
HSP17.7) and main FA composition (C16:0, C16:1, C16:3, C18:0, C18:1, C18:2, C18:3, Double bond index - DBI) based on the calculation of 95% confidence 
interval. ‘*’ indicates significant differences between the performance of the two groups of plants at each sampling time points. 
        HSPs FA composition 
Treatment Time Fv/Fm Tcrit HSP90 HSP70 CI HSP17.6 CII HSP17.7 C16:0 C16:1 C16:3 C18:0 C18:1 C18:2 C18:3 DBI 
40 after 25 0h      * *   *     
 2h * *    *     *    
 6h * * *   *  *  *     
 1d * * * * * *  * *    * * 
 2d  * *  * * * * *     * 
 3d * * * *   * * *   *  * 
 4d * * *  *  * * *     * 
 5d * * *   *  * *  *   * 
25 after 40 2h * * *  *  * *     * * 
 6h * * *  * * * * *  *   * 
 1d  * *  *  * * *  *   * 
 2d   *  *  *  *  *   * 
 3d *  *  * * *  *  *  * * 
 4d *  *  * *   *      
 5d     * *     *    
  13d *       * *                 
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4.4.3 Dynamic responses of HSPs abundance 
Four HSPs were analysed in this study: two of the most abundant high molecular 
weight HSPs HSP70 and HSP90, and two most abundant cytosolic sHSPs class I 
(CI HSP17.6) and class II (CII HSP17.7). To make sure I was looking at the 
correct bands, the antibody validity on this species was verified against wild-type 
Arabidopsis (Fig. S4.1). All HSPs for CT plants remained at a constant level for 
all the sampling time points. All HSPs of HT plants increased within 1 h of 
exposure to HT treatment and thereafter showed continuous increase of 
abundance over the first day of stress (Fig. 4.4 & Table 4.2). HSP90 and HSP70 
shared similar dynamic patterns, showing increased abundance upon exposure to 
HT treatment and decreases upon returning plants to control conditions (Fig. 4.4a 
& b). HSP90 abundance decreased back to the original level after 5 d (Fig. 4.4a & 
Table 4.2). CI HSP17.6 and CII HSP17.7 also showed similar increases upon 
exposure to 40 °C treatment (Fig. 4.4c & d). However, in contrast to the response 
of HSP90 and HSP70, the two small HSPs showed increased abundance on the 
first day after returning to the CT treatment and remained at those high abundance 
levels even after 5d (Fig. 4.4c & d, Table 4.2). Collectively, the results point to 
HT plants exhibiting generally higher HSPs levels during both period than CT 
plants (Table S4.1 & Table 4.1), with responses of HSP90 to heat stress being 
more consistent among individual plants than that of the other three HSPs where 
there was greater variations among individuals in their HSP responses.  
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Figure 4.4 Changes in abundance of HSP90 (a), HSP70 (b), CI HSP17.6 (c) and CII HSP17.7 (d) of 
one group of plants (n = 3) (solid line) always kept in 25 / 20 °C glasshouse (‘25’ in legend ) and 
another group of plants (n = 4) (dashed line) first in the 25 / 20 °C glasshouse then moved to 40 / 
35 °C glasshouse (‘40 after 25’ in legend) for 5 days and then back to previous glasshouse (‘25 after 
40’ in legend) for 13 days. All values are expressed as band intensity relative to the positive control. 
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4.4.4 Dynamic responses of lipid composition 
Most FA species started to have significant changes in saturation level after 1 d 
HT treatment (Fig. 4.5). The major saturated FA, C16:0, exhibited increases from 
26.5% to 29.0% after plants were transferred from 25 °C to 40°C for 3 d and 
decreased back to 26.8% within 1 d after returning to 25 °C (Fig. 4.5a). DBI 
declined from 183 to 177 after transferring to 40 °C for 2 d and reached a low 
value of 160 after 4 h returning to 25 °C, then increased back to original level 
after 3 days returning to 25 °C (Fig. 4.5h, Table 4.2). The most abundant 
unsaturated FA C18:3 showed quite similar patterns as DBI (Fig. 4.5g). Other 
FAs such as C16:1, C18:0 and C18:1 also exhibited increases after transferring 
from 25 °C to 40 °C and decreased back when returning to 25 °C, similar to the 
patterns of C16:0. Similar to C18:3, C 16:3 decreased after transferring from 
25 °C to 40 °C and increased back when returning to 25 °C (Fig. 4.5). C18:2 of 
HT plants showed large fluctuations when transferred from 25 °C to 40 °C and 
returning to 25 °C while no significant differences among these treatments 
(Control, 25 °C to 40 °C, 40 °C to 25 °C) were found (Fig. 4.5f & Table 4.1 & 
Table S4.1).  
Figure 4.5 Changes in FA composition – percentage of C16:0(a), C16:1 (b), C16:3 (c), C18:0 (d), 
C18:1 (e), C18:2 (f), C18:3 (g) and double bond index (DBI, h) of one group of plants (n = 3) (solid 
line) always kept in 25 / 20 °C glasshouse (‘25’ in legend ) and another group of plants (n = 4) 
(dashed line) first in the 25 / 20 °C glasshouse then moved to 40 / 35 °C glasshouse (‘40 after 25’ 
in legend) for 5 days and then back to previous glasshouse (‘25 after 40’ in legend) for 13 days. 
Note: DBI is not showing in percentage (%). 
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4.4.5 Relationships between heat tolerance, HSPs abundance and lipid 
composition 
Pearson correlations revealed significant correlations between Tcrit and all four 
HSPs: HSP90 (R = 0.77, P < 0.001), HSP70 (R = 0.58, P < 0.001), CI HSP17.6 
(R = 0.44, P < 0.001), CII HSP17.7 (R = 0.52, P < 0.001); and three FA C16 
classes: C16:0 (R = 0.58, P < 0.001), C16:1 (R = -0.65, P < 0.001) and C16:3 (R = 
0.63, P < 0.001). Tcrit was also strongly correlated with Fv/Fm (R = -0.58, P < 
0.001) (Table S4.2). Linear regressions revealed both HSP90 and HSP70 alol ne 
could explain ca. 60% of variations of Tcrit (Fig. 4.6a &b). Linear relationships 
with HSP17.7 and HSP17.6 were weaker, but were nonetheless significant; the 
two small HSPs alone could explain ca. 30% of the variations of Tcrit (Fig. 4.6c & 
d).  
Figure 4.6 Bivariate relationships between Tcrit and abundance of HSP90 (a), HSP70 (b), CI 
HSP17.6 (c) and CII HSP17.7 (d) with R2 and P value of linear regression shown. All values of 
HSPs abundance were expressed as band intensity relative to the positive control. 
Stepwise regressions were performed to look at how much variation in Tcrit could 
be explained by both HSPs and FAs, by inputting abundance of four HSPs and 
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percentages of FAs (C16:0, C16:1, C16:3, C18:0, C18:1, C18:2, C18:3) using 
forward selection. The best equation returned as: Tcrit = 48.1 + 6.92*HSP90 – 
0.37*C18:1 (R2 = 0.80, P < 0.001). Thus, the combination of HSPs and FAs could 
explain as much as 80% of the variation in Tcrit, suggesting Tcrit is strongly 
associated with dynamic changes in both HSPs abundance and membrane lipid 
composition. 
All HSPs also exhibited significant correlations with a few of the FAs (Table 
S4.2). Abundance of all HSPs showed significant correlations with C16 classes. 
Interestingly, CI HSP17.6 and CII HSP17.7 not only showed significant 
correlations with C16 classes especially with C16:3, but also with a few C18 
species (C18:1 and C18:3) and DBI. The linear relationships between CI 
HSP17.6, CII HSP17.7 and C16:3 were very strong (R2 > 0.7, P < 0.001, Fig. 
S4.4). These results suggest these HSPs might have some indirect or direct 
functional linkages with membranes when cells are subject to heat stress, 
especially the two small HSPs (Horvath et al. 2012). 
4.5 Discussion 
Higher intensity, more frequent and longer heat waves will expose photosynthetic 
machinery of tropical forest plants to higher risks of heat damage, potentially 
resulting in reduced rates of carbon uptake and, in some cases, lowering species 
survival rates. Therefore, it is of critical importance to understand the ability of 
the photosynthetic apparatus of tropical trees to acclimate to heat stress, and gain 
insights into the underlying mechanisms of the acclimation response. In this 
study, I have documented the ability of a tropical rainforest tree species to rapidly 
acquire higher photosynthetic heat tolerance when whole plants are heat-treated 
(within 2 h), with dynamic adjustments in heat tolerance linked to the induction of 
two abundant large molecular HSPs and two abundant cytosolic sHSPs, as well as 
lipid adjustments in physical properties. 
4.5.1 Photosystem II efficiency responses to heat stress and post-stress are 
asymmetric 
After four hours of heat stress, Fv/Fm decreased to the lowest level at the same 
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point at which Tcrit was the highest (Fig.S4.2 & 4.3). It is known that Fv/Fm is a 
widely-used stress indicator in plants (Willits & Peet 2001). Fv/Fm provides an 
indication of photosynthetic efficiency, with lowered values indicating plant 
stress (Maxwell & Johnson 2000). Thus, heat tolerance was maximal at the time 
point where plants were experiencing the highest level of heat stress, with cellular 
responses such as accumulation of HSPs (Fig. 4.4) and organic solutes 
(Kuznetsov et al. 1999; Kumar et al. 2013) likely to have accounted for the higher 
leaf heat tolerance (and hence, higher Tcrit). 
The treatment-mediated changes in Fv/Fm appeared to largely reflect changes in 
Fm rather than Fo, although a slight increase of Fo was found when plants were 
heat treated (Fig. S4.2). Increase of Fo are likely caused by the changes of rate 
constants in excitation transfer within the antenna or redox state of primary 
quinone acceptor, while the decreases in Fm are the result of changes in excitation 
energy distribution in favour of PSI (Krause & Weis 1984; Bukhov et al. 1990). 
Such observations might explain the slight decrease of Fv/Fm in the recovery stage 
when plants were moved back to the control treatment (i.e. 40 to 25 °C), with the 
heat-acclimated membranes having to adjust to lower FA unsaturation levels (e.g. 
lower DBI, Fig. 4.5). When plants were initially moved back to 25 °C (from 
40 °C), the saturation level may have resulted in membranes being too rigid, 
which would affect the flexibility of protein complexes resulting in lower 
photosynthetic efficiency. Moreover, the pattern of Fv/Fm in the recovery stage 
corresponded well with the pattern of DBI of membranes (Fig. 4.1 & Fig. 4.5h). 
Thus, membrane fluidity influenced by fatty acid saturation levels is likely to play 
an important role in determining photosynthetic efficiency of leaves experiencing 
dynamic changes in leaf temperature.  
4.5.2 Acclimation of heat tolerance to heat stress is rapid and closely associated 
with HSPs abundance 
The current study has demonstrated that the selected tropical tree species could 
rapidly acclimate to heat stress and increase leaf heat tolerance within two hours 
of exposure to high temperatures. As mentioned earlier, a previous study reported 
that potato leaves acclimate to heat stress within half an hour, while it took much 
longer (> 24 h) to return to the original level (Havaux 1993). Moreover, oak 
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seedlings are reported to increase Tcrit by ~3 °C after 36 h of heat stress (Ghouil et 
al. 2003). In the current study, P. elegans did not increase heat tolerance of leaf 
photosynthesis (as indicated as increased Tcrit) after one hour of heat stress, but 
did exhibit sharp increases in Tcrit after 2 h; interestingly, the loss of heat tolerance 
when plants were transferred back to cool conditions was slower, taking 
approximately three days to return to original levels. Collectively, these studies 
suggest the fast acclimation of leaf heat tolerance to heat stress may be a common 
ability in plants and it may take longer time for leaf heat tolerance to return to 
original levels following the release of heat stress. Further studies are needed to 
investigate whether there are systematic differences in the ability to acquire heat 
tolerance among plant species that originate from contrasting habitats.  
In the current study, application of heat stress was also likely to have resulted in 
changes in vapour pressure deficit (VPD), as relative humidity and VPD where 
not controlled in the glasshouse. Thus, I cannot exclude the possibility that some 
of the observed changes were due, in part, to alterations in leaf water status. In 
nature, hotter days tend to have higher VPD, which drives faster transpiration 
rates; heat-treated plants typically reduce stomatal conductance to maintain leaf 
turgor at the cost of less carbon assimilation (Lobell et al. 2013), resulting in 
further elevating of leaf temperatures. As a result, some responses to heating 
might be related to mechanisms associated with water conservation rather than a 
result of heat per se; support for this comes from studies that have reported 
increased leaf heat tolerance in drought-treated plants (Ladjal et al. 2000; Ghouil 
et al. 2003). Moreover, responses to heat and drought share many similar 
metabolic pathways (Kuznetsov et al. 1999; Jiang & Huang 2001; Sato & Yokoya 
2008). Whatever the role leaf water status plays in controlling heat tolerance of 
leaf metabolism, it is clear that the acquisition of heat tolerance is rapid and 
associated with changes in HSPs and FAs.  
To my knowledge, the current study is the first to quantify dynamic changes in 
abundance of both large molecular HSPs (HSP90 and HSP70) and small HSPs 
(CI HSP17.6 and CII HSP17.7) in response to heat stress. I have also shown that 
changes in both types of HSP are closely related with dynamic changes of leaf 
heat tolerance in response to heat stress. Induction of HSPs provide an efficient 
way to rescue cells in response to heat stress. After 1 h stress, I detected a slight 
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increase of HSPs (HSP90, HSP70 and CII HSP17.7) while Tcrit did not show any 
increase (Fig. 4.2 & Fig. 4.4). One thing should be noted that for the four HSPs in 
this study, only HSP70 occurs in both the cytosol and chloroplasts while all the 
other detected HSPs are located in the cytosol alone. I have tested the chloroplast-
located HSP21 (Chen et al. 1990) but unfortunately no consistent bands could be 
obtained with available HSP21 antibody. As a result, the relationships between 
Tcrit and HSPs are rather indirect. However, since the membranes in the cell 
wherever the location would be affected in very similar way as thylakoid 
membrane, I suspect the HSP response would have general similarity in the 
cytosol and chloroplast. 
It has been reported in pea that a brief 10-minute exposure to 45 °C followed by 
incubation at 28 °C for 2 h resulted in significant increase of HSPs abundance 
(Lin et al. 1984). For the current study, as there was a 20-30 min dark adaptation 
period before running Tcrit measurement, at the time point of Tcrit after 1 h HSPs 
were already given 1.5 h to synthesize in leaves. Thus, it seems heat tolerance was 
not increased by 1.5 h HSPs synthesis. An important observation was that the 
highest value of Tcrit occurred within 2-4 h of heat treatment; at this time point, 
HSPs abundance level was less than half of the highest abundance (Fig. 4.3 & 
4.4). Thus, the rapid increase in Tcrit in heat treated plants is unlikely to have been 
solely due to rapid increases in HSPs. 
I found some differential responses between the two large molecular HSPs 
(HSP90 and HSP70) and the two cytosolic sHSPs. During the post-stress stage, 
HSP90 and HSP70 gradually decreased, while CI HSP17.6 and CII HSP17.7 
maintained high levels of abundance during the first few days (Fig. 4.4). One 
explanation for the differential responses might come from the functional 
differences between large molecular HSPs and sHSPs. Both HSP90 and HSP70 
play major roles in both normal protein folding and re-folding of non-native 
proteins (Vierling 1991; Sung et al. 2001; Young et al. 2001; Wang et al. 2004). 
Small HSPs do not directly assist in protein folding but bind to non-native 
proteins to prevent from aggregation, followed by subsequent refolding by ATP-
dependent HSPs such as HSP70 (Lee et al. 1997; Lee & Vierling 2000; Sun et al. 
2002; Wang et al. 2004). CI and CII sHSPs were also found to protect specific 
translation factors in cytosolic stress granules (McLoughlin et al. 2016). 
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Maintenance of high level of sHSPs after release of heat stress might play 
important roles in the post-heat stress period. For example in nature, intermittent 
heat waves may occur in a certain period of the year. Further investigations are 
needed to elucidate the mechanisms underlying the divergent responses. 
Interestingly, sHSPs showed very strong linear relationships with C16 FAs, 
especially C16:0 and C16:3. This might indicate some functional links between 
CI HSP17.6 and CII HSP17.7 and membrane stability. It has also been proposed 
that in cyanobacteria the physical state of membrane lipids may control the 
expression of some HSPs such as HSP17 (Vigh et al. 1998; Vigh et al. 2007; 
Horvath et al. 2012), but it is unknown whether such relationships also exist in 
plants.  
4.5.3 Dynamic responses of heat tolerance associated with membrane fatty acid 
composition 
I found that slow adjustments in FA composition (within days) were less coupled 
to changes in Tcrit than rapid changes in HSPs (within hours). At one level this is 
surprising, as rapid heating would presumably cause stress associated to 
membranes becoming too fluid, with negative consequences for membrane-
associated with processes of energy metabolism. To stabilize membranes, it is 
possible that factors other than saturated FAs contribute to membrane (and 
protein) stability within the first hours of heat stress. HSPs and other osmotic 
solutes such as sugars and amino acids (proline, glycine betaine etc.) can help 
maintain the stability of membranes (Hochachka & Somero 2002; Hincha & 
Hagemann 2004). Xanthophylls and isoprenes also protect fluidity of thylakoid 
membranes (Havaux 1998; Velikova et al. 2011). Thus, in the first hours of heat 
stress, increases in membrane stability and the rapid increase in Tcrit might have 
been associated with a suite of factors other than changes in FA composition. 
Such mechanisms have the advantage of being more rapidly inducible and energy 
efficient than alterations in FA composition, which per se require large amounts 
of energy to break the double bonds for higher saturation level (Harwood 1998). 
It is also likely that during the initial stages of stress, modulation of phospholipid 
headgroup composition may have taken place first, then gradually was replaced 
with alterations of acyl-chain saturation (Sellner & Hazel 1982; Hazel & Landrey 
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1988). Despite these observations, Tcrit was found to be closely related to changes 
in C16 fatty acid abundance in leaves exposed to heat treatment over several days, 
suggesting a possible link between FA composition and photosynthetic heat 
tolerance in the long term. 
P. elegans is a C16:3 plant species (> 2% of C16:3 of total lipids, (Mongrand et 
al. 1998). In this species, C16:3 might play a major role in regulating some 
important functional processes in cells, especially in chloroplasts, as most C16:3 
FAs are esterified to monogalactosyl diacylglycerols (Li et al. 2015), one of the 
main lipids in plant chloroplasts (Gounaris & Barber 1983; Schaller et al. 2010). 
In P. elegans, variations in Tcrit appear unrelated to changes in C18:3 composition 
(the most abundant FA in plants) and unrelated with the general lipid saturation 
level (DBI), although both C18:3 and DBI composition showed expected patterns 
of change during both stress and during the recovery period (Table S4.2 & Fig. 
4.5). C18:3 plants may show some different response patterns. 
4.5.4 Conclusions 
My results show the tropical tree species P. elegans can rapidly acquire higher 
photosynthetic heat tolerance in response to heat stress, increasing Tcrit by 4 °C 
within two hours of heat treatment. This is a remarkable increase in heat 
tolerance, all the more impressive when one considers that globally there is only 
an 8 °C difference in Tcrit between some the coldest and hottest terrestrial biomes 
(O’Sullivan et al. 2017). The dynamic adjustments from hours to days in leaf heat 
tolerance to both heat stress and post-stress treatments were closely associated 
with HSPs abundance and membrane fatty acid composition. These findings 
could have important implications for understanding the response of forest trees 
to both current and future heat waves. Further studies are needed to see if the 
patterns observed here are typical of a wider range of forest species.
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CHAPTER 5 
Concluding remarks and future prospects 
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Using physiological approach, my thesis study has revealed some key elements 
involved in thermal plasticity of leaf energy metabolism, both from ecological 
and biochemical contexts. The thesis results provide information of relevance for 
carbon flux and vegetation modellers seeking to predict the impacts of future 
climate change. The results also provide insights into the mechanisms underlying 
acclimation of leaf metabolism, to both normal growth temperatures and heat 
stress. Chapter 2 and 3 focused on the ecological context of thermal sensitivity of 
photosynthesis and respiration. Chapter 3 also linked variations in photosynthetic 
heat tolerance (as quantified by Tcrit) with biochemical surveys of membrane lipid 
composition across multiple species. Chapter 4 built connections between the Tcrit 
and biochemical adjustments in HSPs abundance and lipid composition in a single 
species exposed to a simulated heat-wave event. The divergent responses of leaf 
R25 to sustained changes in temperature under natural field conditions compared 
to glasshouse conditions (Chapter 2) suggest account needs to be made of the 
interaction between temperature and other abiotic factors (e.g. water availability 
and light) when modelling more seasonal variations of R25. The findings in 
Chapters 2 and 3 provide strong evidence of thermal acclimation of Tmax and Tcrit 
based on a geographically and seasonally broad study, suggesting an uncoupling 
of high temperature tolerance from the responses of basal respiratory metabolism. 
Chapter 3 also showed that variations in Tcrit were related to variations in FA 
composition, with ~40% of the variations of Tcrit being explained by FA 
composition. Chapter 4 found the tropical rainforest tree Polyscias elegans could 
rapidly adjust physiological acclimation of heat tolerance to heat stress within two 
hours. The chapter also showed very close relationships between the dynamic 
adjustment in photosynthetic heat tolerance, HSPs abundance and FA 
composition.  
5.1 The ecological patterns of R-T and Fo-T from a broader view 
By investigating a large number of plant species from a broad range of thermally 
contrasting biomes, my thesis has identified several important ecological patterns 
in R-T and Fo-T curves. The first is that rates of leaf R25 of field-grown plants in 
the six thermally contrasting sites did not show seasonal patterns consistent with 
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thermal acclimation, although thermal acclimation of R25 was found when plants 
were grown in three temperature controlled environments. The second pattern was 
that heat tolerance of respiration (RHT) and photosynthesis (PHT) both showed 
clear patterns consistent with thermal acclimation, both seasonally in the field (in 
multiple contrasting biomes) and in controlled environments. Third, plants 
adapted to warmer habitats exhibit inherently higher photosynthetic heat tolerance 
(as measured by Tcrit) but not higher heat tolerance of leaf respiration (as 
measured by Tmax ) (Fig. 5.1), and the composition of some FA classes such as 
C16:0, C18:2 and C18:3 appear to be inherently different among species from 
thermally contrasting environments. The fourth pattern merging from the thesis is 
that variations in Tcrit (in response to growth temperature and when comparing 
plants from different biomes) were linked to variations in membrane FA 
composition. For example, warm acclimated plants and warm-adapted species 
exhibited higher composition of the most abundant saturated FA palmitic acid 
(C16:0). While the number of species and environments surveyed does not 
capture all of the diversity of potential responses in Australia, they do, 
nonetheless, provide important insights into patterns of thermal responses of leaf 
energy metabolism for broadleaved evergreen species in a range of important 
environments. 
Figure 5.1 Diagrams show the patterns of plasticity (thermal acclimation) and inherent 
differences of Tmax (a) and Tcrit (b) found in this thesis. In each panel, slope of the arrows 
represents the acclimation direction and elevation represents the inherent differences. In this 
thesis, both Tmax and Tcrit of species from all biomes were found to show consistent thermal 
acclimation in the field and controlled environment, showing as positive slopes. Inherent 
differences were only found for Tcrit, being higher (higher elevation) in warmer adapted biomes 
such as tropical rainforests than cool adapted biomes such as temperate rainforests (b). No 
inherent differences for Tmax was found, thus same elevation of arrows (a). 
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5.2 Biochemical processes underlying the ecophysiological 
observations 
My thesis research has revealed evidence of linkages between PHT, FA 
composition and HSPs abundance. Variations of FA explained ~ 40% of 
variations in Tcrit when plants from four contrasting biomes were growing in two 
common temperatures. Interestingly, while RHT did not exhibit signatures of 
adaptation, there were consistent thermal acclimation patterns in both RHT and 
PHT. Thus, inherent differences in membrane FA was not associated with 
differences in heat tolerance of respiration (i.e. Tmax), but was associated with 
adaptive patterns in photosynthetic heat tolerance. This may reflect the fact that 
Tcrit is a measure of functions located within thylakoid membranes (i.e. PSII 
function), whereas Tmax of respiration reflects functionality of mitochondrial CO2 
release, which in turn is regulated by several processes in the cytosol and 
mitochondrial stroma, and by membrane processes (e.g. coupling of TCA cycle 
activity to mitochondrial electron transport in the IMM (Fig. 1.2)).  
My thesis has also showed that a tropical rainforest species can rapidly acclimate 
to heat stress, both at the physiological and biochemical levels. Accumulation of 
HSPs and adjustment of FA composition were strongly correlated with variation 
in PHT, suggesting that both play significant roles in the dynamic responses of leaf 
heat tolerance during both stress and post-stress. This suggests that under natural 
field conditions, plants experiencing heat stress (e.g. sun exposed leaves in upper 
canopies during heat wave conditions) may be able to rapidly acquire higher heat 
tolerance by regulating heat stress responses at cellular and sub-cellular levels. 
While other processes are likely to further contribute to the acquisition of heat 
tolerance (e.g. changes in organic solute concentrations (Ashraf & Foolad 2007; 
Wahid & Close 2007), my thesis results point to changes in FA and HSPs as 
being important factors in the ability of tropical trees to cope with heat stress and 
heat waves.  
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5.3 Linking ecological, physiological, biochemical and molecular 
concepts of plant heat tolerance  
In this thesis, as well as some previous studies (Seemann et al. 1984; Knight & 
Ackerly 2002; Knight & Ackerly 2003; O'Sullivan et al. 2017), advances have 
been made on the ecological and physiological significance of heat tolerance in 
plants. In the molecular field, studies on plant heat stress response have been 
extensive and advanced into extremely fine scales such the studies on HSPs. 
However, despite these advances, in plants, an important link between the 
ecophysiological, biochemical and molecular studies urgently needs to keep up 
the pace in order to provide a better and wider understanding of heat tolerance 
from multiple dimensions. The natural field is characterised by various biomes 
based on the climate and soil conditions. Biomes show variations in the degrees 
(intensity, frequency and duration) of heat waves, exposing plants in different 
biomes to various types of heat stress. Plants may have developed adaptation to 
various heat stress conditions across biomes. These adaptations can be reflected at 
both physiological and biochemical level such as the adaptation of membranes, 
membrane-protein complexes, and the adaptation of the induction of stress-
induced proteins (Figure 5.2). This thesis has focused on one tropical tree species 
in linking physiological responses with membrane and protein adjustments in 
glasshouse settings, and many unknowns are remained to be investigated in the 
future. 
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Figure 5.2 Plant species adapted to different thermal biomes may show adaptation of membrane 
physiological properties, protein structure and heat shock responses such as the induction of HSPs. 
Ecological patterns of physiological response to temperature changes such as photosynthetic and 
respiratory heat tolerance may be further explained by biochemical adaptation of membrane 
properties and protein structures. They may also exhibit variations in the responses to heat stress 
such as the speed or level of HSPs induction. All of these variations may result in the adaptation of 
physiological responses to both changes of normal temperature and extreme temperatures. These 
ecological patterns on biochemical and physiological levels could also be explained from genetic 
level. The evolution of these traits might come from both genetic and epigenetic variations. The 
former exhibited the changes of DNA sequences while the latter is heritable changes of gene 
expression without change of DNA sequences. This thesis has shown the evolutionary adaptation 
of PHT may be related with the adaptation of physical properties of cellular membranes. This thesis 
also showed that in a tropical tree species, the fast acclimation to heat stress was closely related with 
HSPs induction. Despite this, more work is needed in the plant community level to further explore 
the role of HSPs in the adaptation of plant heat tolerance from an ecological perspective. This may 
be achieved by combining both field and controlled environment studies across wide range of 
biomes. Here the survey not only include physiological analyses, but more specific focus on the role 
of  HSPs in natural settings. 
A common response to heat stress is the induction of HSPs (Lindquist & Craig 
1988; Vierling 1991; Parsell & Lindquist 1993; Feder & Hofmann 1999). It is 
known that increases in HSPs in response to heat stress has a long evolutionary 
history, with HSP induction occurring in a wide range of organisms from bacteria 
such as Escherichia coli, to plants and animals (Vierling 1991; Parsell & 
Lindquist 1993). The role of HSPs from ecological and evolutionary perspectives 
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has been emphasized since the 1990s (Parsell & Lindquist 1993). Since then, 
attention has been given to HSPs in animals, especially in Drosophila and marine 
organisms (Hoffmann et al. 2003; Tomanek 2010). In plants, studies of HSPs 
have advanced at the biochemical and molecular levels. These studies commonly 
used model plants grown under controlled environment conditions and assayed in 
laboratories (Sung et al. 2003; Wang et al. 2004). Though advances have been 
made, key gaps remains in terms of the broader ecological and natural 
environment contexts of heat stress tolerance. Developing a process-based 
understanding of the factors that regulate heat tolerance of plants in nature are 
crucial if we are to better predict how terrestrial plants respond to future climate 
warming, and how they will affect ecosystem function in future decades. In my 
thesis, PHT was found to have an adaptation component, potentially underpinned 
by inherent differences in membrane physical properties. Inherent differences in 
HSPs among species adapted to contrasting environments while not assessed in 
my thesis might also play a role. The driving force for this evolutionary 
adaptation in PHT might be the combination of both mean and extremes of 
temperatures. Chapter 4 suggested that in at least one plant species, HSPs are 
closely related to the dynamic changes in heat tolerance responses. This leads to 
future research possibilities. First focus will be under natural conditions on the 
coupling of physiological heat tolerance with the induction of HSPs in response to 
heat stress. Attention can also be given to the ecological view of the plant heat 
tolerance response. For example, the patterns and coupling of physiological, 
biochemical and molecular heat stress response of plant species from diverse 
biomes. 
In animals, the combination of ecological and molecular studies in heat shock 
responses have been extensive. The general approach for this type of research was 
to look at the minimum and maximum temperatures (threshold temperature) at 
which HSPs are expressed and/or are present in cells (Feder & Hofmann 1999). 
HSP70 was one of the major HSPs that has been intensively studied for this 
purpose in model organisms such as Chlorostoma (Tomanek 2010) and 
Drosophila (Hoffmann et al. 2003; Sørensen et al. 2003). Typically in animals 
such as mussels, ants and Drosophila, the threshold temperature for HSPs 
induction is correlated with the typical temperatures at which species have 
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adapted (Feder & Hofmann 1999). One extreme example is absence of HSPs 
induction in one species of arctic fish while in thermophilic bacteria HSPs could 
only be induced above 100 °C (Parsell & Lindquist 1993; Hofmann et al. 2000). 
It was reported that marine species from highly variable thermal environments, 
where temperature fluctuations that raise body temperatures by more than 20 °C, 
have a limited acclimatory plasticity compared to moderately variable ones where 
temperatures fluctuate over several degrees (< 10°C) (Tomanek 2010). In plants, 
these kind of studies are lacking (Coleman et al. 1995), highlighting the need for 
equivalent work to take place on plant systems.  
HSP70 is one of the most conserved HSPs in the plant kingdom (Vierling 1991; 
Sung et al. 2001), with HSP70 likely to be the single most important HSP to focus 
on in studies that seek to discover the evolutionary and ecological bases of heat 
tolerance in plants. Such studies need to determine whether there are plant species 
that lack the capacity to induce HSPs, particularly HSP70. HSP70 is the most 
widely studied HSP so far with regard to the ecological significance of thermal 
stress response (Hochachka & Somero 2002; Tomanek & Sanford 2003; 
Hofmann 2005; Tomanek 2010). This trend will continue in the plant field as 
HSP70 is (1) conservative across plant species, (2) in high abundance, easy to 
detect, (3) sensitive to thermal stress. A further goal of future research should be 
determined whether the capacity to induce HSPs is under phylogenetic control 
(i.e. evolutionary history) and/or related to the thermal niche to which species 
have adapted. Here, a key question is: has adaptation to hot environments 
consistently led to increased capacity to induce HSPs? We also need to determine 
whether the induction of HSPs is more strongly linked to thermal variability (such 
as diurnal or seasonal variations) or the mean daily temperature values 
experienced by plants in different biomes (e.g. tropics vs. tundra). In my thesis, I 
have found that photosynthetic heat tolerance is highly dependent on growth 
temperatures, both recent (acclimation) and over evolutionary time scales. 
Maintaining a specific conformation or ultrastructure of a protein or protein 
complex might contribute to part of the heat tolerance response (Fig. 5.2). 
Another perspective may involve the adaptation of the heat shock response such 
as the induction patterns of HSPs. For example, plant species adapted to 
contrasting biomes may exhibit different speeds or levels of induction of HSPs. 
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The speed and levels of induction depend on the nature of the treatments (e.g. 
intensity or duration of heat stress). One possibility is that temperate species 
which experience heat stress events regularly during summer may accumulate 
HSPs faster and in a higher level than tropical species (which grow in more 
thermally stable environments) when they are subject to the same level of heat 
stress. As a result, the physiological responses such as Tcrit or Tmax might increase 
faster or to relatively higher level in temperate species than their tropical 
counterparts when challenged with heat wave conditions. If differences were 
found, the genetic basis of such variations in responses could then be explored 
(e.g. changes of DNA coding or heritable epigenetic variation (Fig. 5.2)). Future 
researchers should therefore combine ecological perspectives, novel physiological 
and biochemical experimental approaches, and molecular analyses, to investigate 
multiple dimensions of heat tolerance response in plants.   
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Figure S2.1 Map of field studied sites (in red dots) and plant origins of glasshouse study (in blue 
colour). 
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Figure S2.2 Example of two temperature response curves of leaf dark respiration (R-T curves) of 
Litsea leefeana leaves sampled from 20 °C day /15 °C night (black colour) and 30 °C day /25 °C 
night (red colour) temperature treatments in glasshouses. Respiration rate was recorded every 30 s 
while leaf sample was heated by 1°C per minute.  
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Figure S2.3 Data distribution of R-T parameters (R25a, R25m, and R25n, b and c, LMA, Tmax) and leaf 
traits (LMA, Nm, Pm) in field and glasshouse study. 
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Table S2.1 Linear-mixed model ANOVA results for each site surveyed in the warm and cool season as part of the field work component of the study. For each 
site, the ANOVAs were used to test for differences among species and seasons in each R-T parameters. 
  Source of 
variations 
R25a R25m R25n b c 
Site F P F P F P F P F P 
AM_NT Season 0.71 0.408 1.14 0.296 - - 0.01 0.927 0.5 0.49 
 Species 7.23 < 0.001 7.63 < 0.001 5.77 0.009 3.99 0.019 6.79 0.002 
 Season×Species 5.76 0.002 2.16 0.1 - - 1.87 0.16 3.02 0.046 
CT_FNQ Season 11.59 0.001 9.73 0.003 3.12 0.083 1.83 0.182 3.08 0.086 
 Species 4.67 < 0.001 8.41 < 0.001 7.24 < 0.001 1.6 0.126 3.05 0.003 
 Season×Species 0.96 0.496 1.14 0.35 1.18 0.324 3.49 0.001 2.28 0.024 
RC_FNQ Season 31.04 < 0.001 27.74 < 0.001 15.56 < 0.001 4.43 0.038 1.17 0.283 
 Species 4.6 < 0.001 10.1 < 0.001 4.54 < 0.001 2.02 0.028 2.26 0.013 
 Season×Species 1.03 0.429 0.78 0.679 0.66 0.794 0.65 0.808 0.45 0.946 
GWW_WA Season 4.98 0.028 3.63 0.06 20.29 < 0.001 29.12 < 0.001 30.71 < 0.001 
 Species 7.41 < 0.001 10.98 < 0.001 20.67 < 0.001 1.11 0.362 1.3 0.227 
 Season×Species 1.48 0.138 1.58 0.102 2.7 0.015 1.07 0.396 0.9 0.552 
CP_NSW Season 10.48 0.002 1.94 0.167 0.2 0.655 3.45 0.07 0.81 0.373 
 Species 10.08 < 0.001 14.94 < 0.001 5.25 < 0.001 3.81 0.001 4.34 < 0.001 
 Season×Species 1.62 0.118 4.89 < 0.001 2.65 0.011 1.54 0.158 1.39 0.218 
WAR_TAS Season 85.08 < 0.001 36.57 < 0.001 29.69 < 0.001 31.6 < 0.001 7.54 0.008 
 Species 10.65 < 0.001 6.76 < 0.001 13.4 < 0.001 5.85 < 0.001 2.35 0.037 
  Season×Species 1.61 0.154 2.65 0.021 3.38 0.006 3.45 0.004 1.64 0.147 
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Table S2.1 (Continued) 
  Source of 
variations 
Tmax LMA Nm Pm 
Site F P F P F P F P 
AM_NT Season 9.15 0.005 1.91 0.177 - - - - 
 Species 2.93 0.036 13.28 < 0.001 - - - - 
 Season×Species 0.3 0.874 1.86 0.144 - - - - 
CT_FNQ Season 7.3 0.009 0.86 0.357 37.17 < 0.001 209.17 < 0.001 
 Species 3.15 0.002 11.26 < 0.001 48.11 < 0.001 35.25 < 0.001 
 Season×Species 2.85 0.005 1.4 0.149 4.29 < 0.001 4.12 < 0.001 
RC_FNQ Season 15.59 < 0.001 2.7 0.105 5.04 0.027 381 < 0.001 
 Species 5.88 < 0.001 4.38 < 0.001 27.39 < 0.001 10.88 < 0.001 
 Season×Species 0.9 0.557 1.28 0.26 1.28 0.242 2.99 0.001 
GWW_WA Season 41.8 < 0.001 1.12 0.292 5.29 0.025 11.33 0.001 
 Species 5.8 < 0.001 38.29 < 0.001 57.12 < 0.001 13.54 < 0.001 
 Season×Species 1.44 0.151 2.82 0.001 1.42 0.204 1.96 0.066 
CP_NSW Season 74.9 < 0.001 28.49 < 0.001 1.16 0.285 17.92 < 0.001 
 Species 4.82 < 0.001 30.59 < 0.001 55.03 < 0.001 31.25 < 0.001 
 Season×Species 1.11 0.364 6.82 < 0.001 1.16 0.332 2.32 0.019 
WAR_TAS Season 0.03 0.868 75.88 < 0.001 1.38 0.246 14.75 < 0.001 
 Species 24.08 < 0.001 23.76 < 0.001 25.84 < 0.001 5.81 < 0.001 
  Season×Species 8.25 < 0.001 3.83 0.001 3.3 0.007 4.09 0.002 
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Table S2.2 R-T parameters of species from four contrasting environments (origins) grown in a 
common environment (25/20 °C, day/night) as part of the glasshouse study Stage 1 experiment. 
Values are the overall average of species-means for each origin (standard error, number of 
observations). Also shown are the results of a one-way ANOVA.  
  Origin ANOVA of Origin 
  FNQ WA NSW TAS F P 
R25a  0.55±0.03 1.30±0.08 1.09±0.11 0.87±0.07 22.43 < 0.001 
R25m 12.3±1.05 14.93±1.12 15.7±1.01 15.57±1.12 2.82 0.042 
R25n 387.99±23.45 350.29±25.39 447.38±32.13 446.24±31.31 3.82 0.012 
b 0.12±0.00 0.16±0.01 0.14±0.00 0.14±0.00 2.85 0.040 
c -0.0008±0.0001 -0.0014±0.0001 -0.0009±0.0001 -0.0012±0.0001 3.72 0.013 
Tmax 55.75±0.20 55.35±0.31 55.17±0.34 55.12±0.34 1.01 0.393 
LMA 47.91±2.55 95.40±5.69 66.69±5.11 57.17±2.76 23.95 < 0.001 
Nm 32.08±1.64 42.96±1.65 34.76±2.10 35.24±1.79 8.08 < 0.001 
Pm 2.47±0.17 8.02±0.46 3.40±0.29 2.12±0.10 82.68 < 0.001 
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Table S2.3 Linear regression analysis for R-T data relationships with environmental factors. For 
field data, GT represents mean temperature of 30 days prior to the date of measurements. For 
glasshouse data, PPT represents long-term mean annual precipitation of species origins and MAT 
represents long-term mean annual temperature of species origins. 
    Linear model a b DF R2 P 
Field  Tmax =a+b*30dPDM 40.56 0.28 1, 110 0.364 < 0.001 
        
Glasshouse       
  [log10]R25a =a+b*PPT -1.53E-04 3, 61 0.512 < 0.001 
Stage 1 25/20°C   0.11     
Stage 2 20/15°C   0.17     
Stage 2 30/25°C   0.00     
  [log10]R25m =a+b*PPT -8.55E-05 3, 61 0.462 < 0.001 
Stage 1 25/20°C   1.24     
Stage 2 20/15°C   1.12     
Stage 2 30/25°C   1.04     
  [log10]R25n =a+b*MAT -8.40E-03 3, 61 0.283 < 0.001 
Stage 1 25/20°C   -0.25     
Stage 2 20/15°C   -0.23     
Stage 2 30/25°C    -0.34     
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Supplemental data for Chapter 3  
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Figure S3.1 Example of two Fo-T curves of Polyscias elegans leaves sampled from 20/15 °C (black 
colour) and 30/25 °C (red colour) temperature treatments in glasshouses. Tcrit was calculated as the 
intercept of two linear regression lines representing the rapid rise of Fo. 
 
Figure S3.2 Distributions of Tcrit data for both field and glasshouse study. Dataset ‘Field’ represents 
all data from individual trees in the field; ‘Field sp’ represents data of species in the field which 
were studied in the glasshouse; ‘GH Stage1’ and ‘GH Stage2’ represents data for Stage 1 and Stage 
2 experiment in glasshouse study, separately. 
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 Table S3.1 Linear-mixed model ANOVA results for each site surveyed in the warm and cool season 
as part of the field work component of the study. For each site, the ANOVAs were used to test for 
differences among species and seasons in high temperature tolerance of photosynthesis (Tcrit).  Note: 
for the CT_FNQ site in Queensland, measurements were made in one season only in that case, a 
one-way ANOVA was used. 
    Tcrit 
 Site   F P 
CT_FNQ Species 6.91 <.001 
RC_FNQ Species 0.78 0.652 
 Season 14.92 <0.001 
 SpeciesSeason 1.06 0.406 
AM_NT Species 5.95 0.002 
 Season 13.32 0.001 
 SpeciesSeason 2.79 0.053 
GWW_WA Species 2.88 0.005 
 Season 67.46 <0.001 
 SpeciesSeason 2.3 0.021 
CP_NSW Species 2.33 0.016 
 Season 33.18 <0.001 
 SpeciesSeason 3.13 0.002 
WAR_TAS Species 9.65 <0.001 
 Season 1.07 0.309 
  SpeciesSeason 0.25 0.969 
 
 
Table S3.2 High temperature tolerance of photosynthesis (Tcrit) values of species from four 
contrasting environments (origins) grown in a common environment (25/20 °C, day/night) as part 
of the glasshouse study Stage 1 experiment. Values are the overall average of species-means for 
each origin (standard error, number of observations).  Also shown are the results of a one-way 
ANOVA.   
  Tcrit (°C) 
FNQ 46.14 (0.58, 33) 
WA 46.06(0.24, 28) 
NSW 45.47 (0.38, 29) 
TAS 43.87 (0.28, 28) 
Source of variation (ANOVA) F P 
Origin 21 < 0.001 
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Table S3.3 Linear regression analysis of relationships between Tcrit and mean maximum 
temperatures of 30 days prior to date of measurement (30dPDM) in the field, between Tcrit and 
annual mean maximum temperatures (AMMT) of plant species origins. 
    Linear model a b DF R2 P 
Field  Tcrit =a+b*30dPDM 40.56 0.28 1, 110 0.364 < 0.001 
        
Glasshouse Tcrit =a+b*AMMT  0.16 3, 61 0.490 < 0.001 
Stage 1 25/20°C   41.66     
Stage 2 20/15°C   41.00     
Stage 2 30/25°C    43.43     
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Figure S4.1 Western blot test on four HSP antibodies showing in each panel (A. HSP90, B. HSP70, 
C. CI HSP17.6, D. CII HSP17.7) in Arabidopsis thaliana (A. thaliana) and Polyscias elegans (P. 
elegans). All HSPs were raised against A. thaliana.  For each panel or blot, first lane is leaf samples 
from wild-type  A. thaliana (Col-0) in 21 °C growth condition and second lane is samples from A. 
thaliana having been moved from 21 °C growth condition to 40 °C for 4h. Third lane is leaf samples 
from P. elegans in 24 °C growth condition and fourth lane is from P. elegans having been moved 
from 25 °C growth condition to 40 °C for 6h. The protein loading in each well for HSP70 and HSP90 
was 5ug and 15ug for CI HSP17.6 and CII HSP17.7.  Black arrows on left side of each panel are 
showing the protein molecular weight marker in kD unit. Red arrows on right side of each panel 
show the targeted band of each HSPs in P. elegans for analysis. 
  
128          Appendix 
 
 
Figure S4.2 Changes of dark adapted minimal fluorescence (Fo, a) and maximal fluorescence (Fm, 
b) of one group of plants (n = 3) (solid line) always kept in 25 / 20 °C glasshouse (‘25’ in legend ) 
and another group of plants (n = 4) (dashed line) first in the 25 / 20 °C glasshouse then moved to 40 
/ 35 °C glasshouse (‘40 after 25’ in legend) for 5 days and then back to previous glasshouse (‘25 
after 40’ in legend) for 13 days. 
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Figure S4.3 Images showing different degree of visual damages by heating between whole leaves 
of both adaxial and abaxial surfaces from 40°C treated (HT) and non-treated control (25 °C, CT) 
plants. Two leaves on the top (CT non-heated) were detached from one tree kept in 25 / 20 °C 
glasshouse for more than six months and kept in dark for ca. 1h. Two leaves in the middle (HT 
heated) were detached from one tree first kept in 25 / 20 °C glasshouse for more than six months 
then moved to 40 / 35 °C glasshouse for 2h at a sunny day in the morning. Two leaves in the bottom 
(CT heated) were detached from the same tree of CT non-heated leaves. All leaves were detached 
at the same time and kept in dark afterwards. The ‘HT heated’ and ‘CT heated’ were kept in dark 
for ca. 20min then went through the same measurement as the leaves in ‘Materials and method’ 
section; after they were heated to 57 °C all four leaves were taken out and scanned under a scanner. 
Before the heat treatment, leaves from both trees shared similar Tcrit and similar degree of damage 
after heated to 57 °C. All leaves were the most recent fully expanded and were from newly 
developed branches different from the ones in the formal experiment.   
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Figure S4.4 Bivariate relationships between two cytosolic small heat shock proteins (CI HSP17.6 
and CI HSP17.7) and C16 fatty acid (C16:0, C16:1, C16:3) compositions with R2 and P value of 
linear regression shown.   
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Table S4.1 Linear-mixed model ANOVA results for photosynthetic heat tolerance, HSPs abundance 
level and FA composition under different treatments (1) control 1, CT plants during the period when 
HT plants were moved to HT glasshouse, including the 0h time point, 2) control 2, CT plants during 
the period when HT plants were returned to CT glasshouse from HT glasshouse, 3) 40 °C after 25 °C, 
HT plants in HT glasshouse including the 0h time point, and 4) 25 °C after 40 °C, HT plants returned 
to CT glasshouse from HT glasshouse.), and among different sampling time points. 
  Treatment Time Treatment×Time 
  F P F P F P 
Tleaf 2641.4 < 0.001 54.98 < 0.001 41.68 < 0.001 
Fv/Fm 6.86 0.002 5.11 < 0.001 1.12 0.275 
Tcrit 151.3 < 0.001 33.28 < 0.001 8.19 < 0.001 
HSP90 38.63 < 0.001 10.68 < 0.001 6.59 < 0.001 
HSP70 15.59 < 0.001 2.55 0.002 0.83 0.640 
CI HSP17.6 18.69 < 0.001 1.29 0.216 1.06 0.403 
CII HSP17.7 20.11 < 0.001 2.67 0.001 1.69 0.077 
C16:0 5.01 0.009 3.53 < 0.001 2.56 0.004 
C16:1 31.05 < 0.001 3.76 < 0.001 3.21 < 0.001 
C16:3 8.25 < 0.001 2.17 0.008 2.95 0.001 
C18:0 4.33 0.016 2.54 0.002 2.01 0.005 
C18:1 56.37 < 0.001 3.13 < 0.001 2.64 0.003 
C18:2 1.56 0.229 1.07 0.393 1.09 0.379 
C18:3 27.55 < 0.001 3.35 < 0.001 3.03 < 0.001 
DBI 20.32 < 0.001 3.92 < 0.001 2.75 0.002 
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Table S4.2 Correlation matrix  of leaf  temperature (Tleaf)photosynthetic efficiency (Fv/Fm), leaf heat tolerance (Tcrit), four HSPs (HSP90, HSP70, CI HSP17.6, 
CII HSP17.7) and main FA composition (C16:0, C16:1, C16:3, C18:0, C18:1, C18:2, C18:3, Double bond index - DBI). 
     HSPs FA composition 
  Tleaf Fv/Fm Tcrit HSP90 HSP70 CI HSP17.6 CII HSP17.7 C16:0 C16:1 C16:3 C18:0 C18:1 C18:2 C18:3 
Tleaf               
Fv/Fm ***              
Tcrit *** ***             
HSP90 *** *** ***            
HSP70 *** ** *** ***           
CI HSP17.6 * *** *** ***           
CII HSP17.7 *** *** *** *** ** ***         
C16:0 ** ** *** *** * *** ***        
C16:1 *** *** *** *** *** *** *** ***       
C16:3 *** *** *** ***  *** *** *** ***      
C18:0               
C18:1 ***   *  *** *** **  ** ***    
C18:2       * ***       
C18:3 ***   *  *** ** ***  ** *** *** *  
DBI    ***  *** *** *** * *** *** *** * *** 
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